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ABSTRACT
M o lecu la r b io lo g y  techn iques are becom ing in c rea s ing ly  w id e ly  used in  the 
f ie ld  o f  trans fus ion  science. The investiga tion  o f the Ke ll b lood  group system, 
using a selection o f these techniques, is described in  th is  thesis.
The f irs t  p a rt o f the investiga tion  invo lved  the synthesis o f KEL cDNA fro m  to ta l 
RNA b y  reverse tra n s c r ip t io n  and its  subsequent a m p lif ic a t io n  using  the 
po lym erase cha in  re a c tio n  (PCR). The re su ltin g  m a te ria l was c loned in to  a 
p lasm id and the cloned PCR products  were then  used fo r  in situ h y b r id iz a tio n  
studies to  re fine  the loca tion  o f the KEL gene on hum an chromosome 7 to  7q33- 
q35. This was a m ore precise loca tion  than  had been p rev ious ly  pub lished.
Kell n u ll is a ra re  phenotype w ith in  the Kell b lood group system, where none o f 
the Kell system antigens can be detected on the red cell surface. Southern b lo t 
in ve s tig a tio n  o f to ta l genom ic DNA fro m  one such in d iv id u a l revea led the 
presence o f a KEL gene in  a s im ila r  fo rm  to  th a t p resen t in  n o rm a l Ke ll 
phe no type  donors. These re su lts  in d ic a te  th a t th is  exam ple  o f the. n u ll 
phenotype d id  n o t arise as a resu lt o f a m a jo r gene deletion. This suggests tha t 
the deve lopm ent o f  Ke ll system antigens, in  th is  p a r t ic u la r  case, is b locked 
du rin g  tra n sc rip tio n  o r tran s la tio n  o f the  pro te in .
D ire c t sequence ana lys is  o f  PCR p ro d u c ts  d e r iv e d  fro m  in d iv id u a ls  o f  
p re d e te rm in e d  K e ll p he no type  a llow ed the  id e n t if ic a t io n  o f  a single C->T 
nucleotide substitu tion  at pos ition  701. This is responsible fo r  the d iffe rence  in  
expression o f k  (Cellano) and K (Ke ll) antigens on the  re d  ce ll surface. This 
p ro v id e d  independent co n firm a tio n  o f the results pub lished  by ano the r g roup  
o f workers w h ile  th is  section o f the w o rk  was in  progress. The C->T nucleotide 
s u b s titu t io n  creates a Bsm 1 re s tr ic t io n  enzym e s ite  w hen  the  sequence 
encod ing  the  K an tig en  (the  T n u c le o tid e ) is p resen t. Th is  enab led  the 
developm ent o f a PCR-based genotyp ing assay fo r  Kell (K1 o r K) and Cellano (K2 
o r k). The assay invo lves the co -am p lifica tion  fro m  a to ta l genom ic DNA target 
o f two PCR products, one w h ich  spans the K /k  p o lym o rp h ic  site and a second 
w h ich  spans a conseiwed Bsm 1 site and w h ich  acts as an in te rn a l c o n tro l fo r  
the assay. Several samples o f KK, Kk and kk  genomic DNA were analysed by  th is  
assay and d e fin it iv e  geno typ ing  resu lts  were ob ta ined  fo r  a ll samples. This 
shou ld  prove to  be a usefu l too l fo r  antenata l genotype de te rm ina tion  in  cases
w here  h a e m o ly tic  disease o f  the  n e w b o rn  is im p lic a te d , and co u ld  be 
incorpora ted  in to  a ba tte ry  o f PCR tests to  establish a panel o f typed donors.
The use o f m o lecu la r b io logy  techniques in  the inves tiga tion  o f the Kell b lood 
g roup  system  has a llow ed new in fo rm a tio n  to  be o b ta in e d  re g a rd in g  the 
m o lecu la r basis fo r  the expression o f antigens on the  red  ce ll surface. This 
shou ld  be a suitab le foun d a tio n  fo r  the  c o n tin u a tio n  o f the  w ork, a llow ing  a 
m ore deta iled investiga tion  o f the system as a whole, de fin ing  the basis fo r  the 
o the r po lym orph ism s and enabling the deve lopm ent o f diagnostic tests fo r  the 
o the r a lle llic  antigen sets.
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Introduction to the application of molecular 
biology in transfusion science
SECTION 1 In t r o d u c t io n  to  th e  a p p lic a t io n  o f  m o le c u la r  b io lo g y  in  
t r a n s fu s io n  s c ie n c e
1.1 In tro d u c t io n  to  th e  d e v e lo p m e n t o f  a m em b ra n e  p ro te in
Since the  m id d le  o f th is  ce n tu ry , w hen DNA was id e n t if ie d  as the  genetic 
m a te ria l and its  s tru c tu re  de te rm in e d , progress in  m o le c u la r b io lo g y  has 
p rov ided  a theore tica l basis and m ethodologies fo r  the  unders tand ing  o f b lood  
g roup  systems in  term s o f m o le cu la r genetics. The basic steps in v o lv e d  in  
p ro d u c tio n  o f red  cell antigens is sum m arised in  Figure 1.1. DNA encoding the 
p ro te ins  w h ich  ca rry  b lood  group antigens is transcribed  to  RNA. This is th e n  
m od ified  by  capping o f the 5 ’ end, po lyadenyla tion  o f the 3' end and rem oval o f 
non-coding in trons. The mRNA is then  transported  to  the ce ll cytoplasm  where 
i t  is transla ted to  fo rm  p ro te in  w h ich  carries the antigens. This is then inserted 
in to  the red  ce ll m embrane. As a result, b lood  group antigens are expressed on 
the  surface o f  the  red  ce ll. I t  is lik e ly  th a t the p ro te in s  c a rry in g  re d  ce ll 
an tig en ic  de te rm inan ts  m ay associate toge ther in  the  red  ce ll m em brane b u t 
precise de ta ils  o f  the  n a tu re  o f  these possib le  in te ra c tio n s  re m a in  to  be 
described (Anstee, 1995).
1.2 O u tlin e  o f  m o le c u la r  b io lo g y  te c h n iq u e s  used in  tra n s fu s io n  
s c ie n c e
Inves tiga tion  o f the ABO, Rhesus, Kell, K idd, D u ffy  and MNSs b lood  g roup  
systems using m ethods w h ich  re la te  to  the genetic m a te ria l is a lready w e ll 
established. Several techn iques w i l l  be described below  and the the  resu lts  
w h ic h  re la te  to  in d iv id u a l b lo o d  g ro u p  systems w i l l  be discussed in  the  
subsequent subsections.
1.2.1 Use o f  c o m p le m e n ta ry  DN A lib ra r ie s  to  is o la te  b lo o d  g ro u p  
cDNAs
One app ro ach  w h ic h  can be ado p te d  w hen lo ca tin g  a gene enco d in g  a 
p a rtic u la r b lood group system requires tha t the p ro te in  is p u r if ie d  and a p a rtia l 
am ino acid sequence de term ined . A  degenerate nucle ic  acid sequence can be 
derived  fro m  the  am ino acid sequence and used to  design an o ligonuc leo tide  
probe correspond ing  to  th is  section o f the gene. The o ligonuc leo tide  p robe is 
used to  screen a cDNA lib ra ry  fo r  the presence o f tha t p a rtic u la r sequence.
F igu re  1.1 D ia g ra m  o f  th e  d e v e lo p m e n t o f  a m em b ra n e  p ro te in  f r o m  
th e  gene e n c o d in g  i t
The DNA located on a chromosome is term ed genomic DNA. The DNA sequences 
encoding p ro te ins  are con ta ined  in  exons and these are separated b y  n o n ­
coding in trons. A leader sequence precedes the f irs t  exon. The en tire  sequence 
fro m  leader sequence to  the  p o ly a d e n y la tio n  site are tra n sc rib e d  in to  pre- 
messenger RNA (pre-m RNA). A p ro m o te r reg ion  im m e d ia te ly  upstream  fro m  
the leader sequence, co n tro lle d  by  re gu la to ry  sequences located on e ithe r side 
o f the s tru c tu ra l gene, is re q u ire d  fo r  the b in d in g  o f po lym erase enzymes 
w h ich catalyse tra n sc rip tio n . In trons  are rem oved d u rin g  the sp lic ing  o f pre- 
mRNA in to  m atu re  mRNA. This is then  exported  to  the cytop lasm  w here the 
sequence is translated in to  p ro te in . T rans la tion  begins at a specific s ta rt codon 
and ends at a stop codon. The leader sequence is transla ted  b u t is la te r rem oved 
p r io r  to the inse rtion  o f the p ro te in  in to  the cell membrane.
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A cDNA lib ra ry  is constructed by  iso la ting mRNA fro m  a p a r t ic la r  source o r cell 
type. The mRNA is then  reverse tra n sc rib e d  using reverse transcrip tase  (a 
re tro v ira l enzym e w h ich  is capable o f reve rs ing  the  n o rm a l p rog ress ion  o f 
DNA to  mRNA) and an o ligo dT p r im e r com plem entary to  the po lyadenyla ted 3’ 
ta il p resent on  alm ost a ll e u ka ryo tic  mRNAs (section 2.5). This gives rise to  
RNA-DNA h yb rid s  con ta in ing  DNA w h ich  is com plem enta ry to  the mRNA used
-S'as the  ta rg e t. Th is  is re p re s e n ta tiv e  o f  the  e n tire  p o ly a d e n y la te d  RNA 
popu la tion . As the mRNA does n o t con ta in  any in trons , these cDNAs also lack 
in tro n  sequences. The resu ltin g  cDNA is then cloned in to  vectors and used to 
tra n s fo rm  bac te ria l cells fo r  storage. This is re fe rre d  to  as a cDNA lib ra ry .
Human lib ra ries  can be produced in  house (Sambrook e t ai., 1989) o r purchased 
com m ercia lly . I f  the hum an cDNA lib ra ry  is fro m  a com m ercia l source, then i t  I  
is u n lik e ly  th a t the com plete red  ce ll pheno type  o f  the  donors cells w i l l  be 
known. This is lik e ly  to  produce problem s at a la te r stage in  the  in ves tiga tio n  as 
the re ference sequence ob ta ined w o u ld  be o f unknow n phenotype  and w ou ld  
com plicate the com parison o f po lym o rp h ic  sequences. The lib ra ry  is screened 
w ith  the  o lig o n u c le o tid e  p robe  w h ic h  w i l l  o n ly  h y b r id iz e  to  the  clones 
con ta in in g  the  com p lem en ta ry  cDNA sequence. H y b rid iz a tio n  is detected b y  
au to ra d io g ra p h y  i f  the  p robe  was ra d io la b e lle d . A lte rn a tiv e ly , the  pos itive ‘;Fclones can be id e n tif ie d  by  the in co rp o ra tio n  o f a fluo rescen t o r co loured  tag 
in to  the probe. The pos itive  clones are then  visualised. The probe shou ld  on ly  
hyb rid ize  to  the com plem enta ry sequences in  the lib ra ry  and th is  leads to  the 
iso la tion  o f a specific gene. The DNA fo r  the gene u n d e r in ves tiga tio n  is then  I
sequenced (section 1.2.4).
1 .2 .2  T he  p o ly m e ra s e  c h a in  re a c t io n
Once the  DNA sequence fo r  any p a rtic u la r gene has been de te rm ined  (section 
1 .2 .4 ), tw o  s y n th e tic  c o m p le m e n ta ry  o lig o n u c le o tid e  p r im e rs  can be 
synthesised. These p rim ers  are short, specific strings o f nucleotides (17 to  35 
nucleotides in  length) w h ich  are com ple te ly hom ologous to  the cDNA sequence.
One o f the p rim e rs  is spec ific  fo r  the  3' end o f the reg io n  w h ich  is to  be 
a m p lif ie d  and the  o th e r is spec ific  fo r  the  sequence o f  the  5 ' end. The 
o ligonuc leo tide  p rim ers  anneal to  opposite  strands o f the  DNA. These can be 
used to  a m p lify  the  sequence b y  the  use o f a te c h n iq u e  know n  as the
.po lym erase cha in  re a c tio n  (PCR) (Saiki et aL, 1985) (section 2.7). W ith  the 
kno w le d g e  o f  the  gene sequence and  h a v in g  syn thes ised  a p p ro p r ia te
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o ligonucleo tide  p rim ers, i t  is feasible to  produce and investigate cDNA varian ts 
fro m  chosen ind iv idua ls . To do this, RNA is isolated fro m  a cell sample and th is  is 
used as the ta rg e t m a te ria l fo r  reverse tra n s c rip tio n  PCR (RT-PCR). This is a 
techn ique  w hereby to ta l RNA is p u r if ie d  fro m  the sample and a DNA copy is 
made using a reverse transcrip tase enzyme (Varmus, 1987) (section 2.5). This 
form s a double stranded RNA/cDNA dup lex m olecule w h ich  is heat denatured to  
release single stranded cDNA. The resu lting  single stranded cDNA can then  be 
am p lified  by  PCR (Saiki e t al., 1985). In  PCR DNA is am p lified  exponentia lly  by 
successive rounds o f déna tu ra tion , p r im e r annealing and p r im e r  extension in  
the presence o f a therm ostable DNA polymerase enzyme. The cDNA, in  th is  case, 
w ou ld  be added to  a m ix tu re  o f free dNTPs, b u ffe r con ta in ing  m agnesium  ions, a 
heat stable DNA polym erase and the tw o spec ifica lly  designed o ligonuc leo tide  
prim ers. The reaction  m ix tu re  is heated to  app rox im ate ly  94^0 to  separate the 
cDNA strand fro m  the o rig in a l mRNA tem plate. It is then  cooled to  50 -65 %  to 
allow  the prim ers to  anneal to the cDNA target. The next step is heating to  72^C 
(the o p tim u m  tem pera tu re  fo r  Taq DNA polymerase) to  a llow  the  extension o f 
the p r im e r to  fo rm  a com plem enta ry strand. This completes the f ir s t  ro u n d  o f 
the PCR and results in  the p rodu c tion  o f a double stranded p ro d u c t w h ich  acts as 
the target in  the next round . Since the products o f each cycle act as the target 
fo r  the next round , i t  then  fo llows th a t each cycle represents a doub ling  in  the 
n u m b e r o f p ro d u c t m olecules. There fo re , 20 round s  o f PCR rep resen ts  an 
increase in  the  n u m b e r o f  spec ific  sequences by  10^ (2^0) assum ing 100% 
e ffic ie n c y  (E rlich , 1989). This m e th od  can be adap ted  to  g ive  the  co­
a m p lifica tio n  o f m ore than  one p ro d u c t by the in co rp o ra tio n  o f m ore than  two 
PCR prim ers.
1 .2 .3  C lo n in g  o f  PCR p ro d u c ts  fo r  use as p robes  in  in  situ  
h y b r id iz a t io n
Subsequent to a m p lifica tio n  by  PCR, the cDNA is c loned in  a vec to r such as a 
bacteria l p lasm id (Sambrook et al., 1989). The vector is c ircu la r DNA and m ust be 
cu t to  fo rm  a gap at w h ic h  a cDNA fra g m e n t can be in se rted . Th is  is 
accom plished by the use o f one o r m ore re s tr ic tio n  enzymes, w h ich  recogn ize 
short, specific sequences on the vector and w ill cut the DNA on ly  at these po in ts 
(section 2.12-2.14). The a m p lifie d  cDNA is then  cu t w ith  the  same re s tr ic t io n  
enzymes before i t  is added in to  the plasm id. The plasm id and a m p lifie d  fragm en t 
are jo in e d  to g e th e r b y  the  use o f a DNA ligase enzym e. Th is jo in s  the  
com plem enta ry  ends o f the cu t p lasm id  and the inse rt to  re -fo rm  a c irc u la r
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recom binan t DNA conta in ing  the insert. The recom binant p lasm id  clone is then  
used to  tra n s fo rm  a s tra in  o f E. coli cells. The recom b inan t rep lica tes  and is 
reproduced as the bac te ria l cells grow. The trans fo rm an ts  can be stored long 
te rm  in  g ly c e ro l at low  te m p e ra tu re  (-7 0 % ). The c loned  fra g m e n t can be 
iso la ted  fro m  the b a c te ria l cells when re q u ire d  by  c a rry in g  o u t a p lasm id  
p re p a ra tio n  (Sam brook e t ai., 1989) (section 2.19). The iso la ted  p lasm id  clone 
m ay be used to  probe no rm a l hum an chromosome spreads in  o rd e r to  id e n tify  
the chrom osom al loca tion  o f the corresponding gene (section 2.21). This can be 
achieved by  using m ethods such as n ick  trans la tion  where the probe is labelled 
w ith  e ithe r a rad io isotope o r w ith  b io tin  (R igby e t ai., 1977). In  th is  process, an 
enzym e is used to  in tro d u c e  a single s tranded n ick  in  the  doub le  s tranded 
p lasm id  DNA. Labelled dNTPs are then  in tro d u c e d  in to  the  re a c tio n  w ith  a 
polym erase enzyme w h ich  incorpora tes labelled nucleotides in  o rd e r to re p a ir  
the nick. Thus, the probe becomes labelled. This probe can then  be used fo r  in  
situ h y b r id iz a t io n  w here i t  b inds spec ifica lly  to  n o rm a l m ale chrom osom e 
spreads (Cox e t ai., 1984). Male chromosome spreads are used as bo th  X and Y 
chromosomes are present. This is an assay where a p robe is labe lled  w ith  b io tin  
and b io tin /F IT C  a v id in  is added as a means o f v isu a lis ing  the resu lts . The 
de tection  process is dependent on the  presence o f a fluo resce n t d o t on the 
chrom osom e at the  p o in t o f  h y b r id iz a t io n  o f the  probe . U nde r op tim ise d  
co n d itio n s , the  p ro b e  w i l l  o n ly  h y b r id iz e  to  the  s p e c ific  a rea  on  the  
chrom osom e where the exact com p lem en ta ry  sequence is present. Bearing in  
m ind  tha t sequences tends to  be h ig h ly  in d iv id u a l fo r  each gene, i t  fo llow s th a t 
the precise loca tion  o f the  gene on a p a rt ic u la r  chrom osom e can be defined. 
Using th is  techn ique  and o thers such as linkage analysis, the  chrom osom al 
loca tions o f several o f  the  know n b lood  g roup  genes have been id e n tif ie d  to 
date (sections 1.4 to  1.7).
1 .2 .4  S ange r d id e o x y  s e q u e n c in g
N ucleo tide sequences o f c loned PCR a m p lifie d  fragm ents can be determ ined . 
Com parison o f  several sequences fro m  samples derived fro m  d iffe re n t, know n 
p h e n o ty p e  in d iv id u a ls  m ay a llo w  th e  id e n t if ic a t io n  o f  th e  n u c le o tid e  
d iffe rences w h ich  account fo r  the expression o f p a r t ic u la r  antigens w ith in  a 
b lood  group system. Cloned cDNA can be iso la ted fro m  the E. coli cells, in to  
w h ich  the  p la sm id  c lone has been tra n s fo rm e d  (section  1.2 .3), in  s ingle 
stranded fo rm  by the  use o f  an M l3 he lpe r phage. Th is  a llow s p re fe re n tia l 
secretion o f  single s tranded vec to r DNA over the phage single stranded DNA
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w hen the p lasm id  incorpora tes  the app rop ria te  phage regions w h ich  a llow  its 
recogn ition  by  the M l3. This he lper phage is M l3 m uta ted in  its own re p lica tive  
recogn ition  sequence and, as a result, i t  is unable to reproduce itse lf e f f ic ie n t ly .  
The s trand w h ich  is recovered is dependent on w h ich o f the tw o plasm id strands 
the  M l 3 re co g n itio n  re g io n  is p laced (Sam brook et a l ,  1989). The single 
stranded DNA can then be sequenced using the Sanger d ideoxy m ethod (Sanger 
et a l ,  1977) (section  2 .20). D ideoxy sequencing in v o lv e s  a n n e a lin g  o f  a 
sequencing p r im e r to  the DNA tem plate  and extension o f the p r im e r by a DNA 
polym erase. Synthesis is in it ia te d  at the  3 ' end o f the o ligonuc leo tide  p rim e r. 
The synthesis re a c tio n  is te rm in a te d  by  the in c o rp o ra tio n  o f a nuc leo tid e  
ana logue  th a t w i l l  n o t s u p p o rt c o n tin u e d  DNA e lo n g a tio n . The cha in  
te rm in a ting  nuc leo tide  analogues are dideoxynucleoside triphosphates (ddNTPs) 
w h ich  lack the 3 '-OH group  necessary fo r  chain e longation. W hen m ixtures o f 
dNTPs and one o f the fo u r  ddNTPs are used, enzyme catalysed po lym e risa tio n  
w ill be te rm ina ted  in  a fra c tio n  o f the popu la tion  o f grow ing chains at each site 
where the ddNTP is incorporated. Four separate reactions, each w ith  a d iffe re n t 
ddNTP, give com plete sequence in fo rm a tio n . A ra d io a c tiv e ly  labe lled  dNTP is 
also in c lud ed  in  the synthesis reaction . The labe lled  chains o f va rious leng th  
are v isu a lise d  by  a u to ra d io g ra p h y  a fte r  s e p a ra tio n  b y  h ig h  re s o lu tio n  
po lyac ry lam id e  gel e lectrophoresis. Several a lte ra tions have been made to  the 
sequencing techn ique to  a llow  i t  m ore f le x ib ility .  For example, a p ro to co l has 
been deve loped to  a llow  the  d ire c t sequencing o f PCR p rodu c ts  w ith o u t the 
necessity fo r  c lon ing  (Erlich, 1991). In  th is  s itua tion , one o f the PCR prim ers is 
added in  great excess to  the second p r im e r and, as a result, single stranded DNA 
is am p lified  in  a non -logarithm ic  fashion. This single stranded DNA can be used 
d ire c tly  fo r  sequencing using the d ideoxy m ethod. This is a usefu l a lte rna tive  
techn ique fo r  tw o reasons. F irs tly , i t  e lim inates the necessity fo r  c lon ing  each 
PCR fra g m e n t be fo re  sequencing and secondly, i t  a llow s sequencing o f  a 
popu la tion  o f PCR products. Therefore, Taq DNA polym erase m is incorpora tions 
can be d istingu ished fro m  true  sequence differences. This is an im p o rta n t p o in t 
as Taq DNA polymerase m is incorpora tions occur at a rate o f 1 in  400 nucleotides 
d u r in g  PCR (Saiki et a l ,  1988, Paabo et a l,  1988, D u nn ing  e t a l, 1988). A 
m is in c o rp o ra tio n  is w here  the  Taq DNA po lym erase  in se rts  the  "w ro n g " 
nucleotide at po in ts along the DNA, since i t  does not have a 3' -> 5' p ro o f reading 
fa c ility , un like  ce rta in  o the r polymerases such as K lenow fragm ent and T4 DNA 
polymerase. D e te rm ina tion  o f the sequence o f a cloned PCR p ro d u c t is liab le  to  
give errors, as each clone represents a single o rig in a l PCR p ro d u c t w h ich  m ay 
have an in co rre c t nucleotide at 1 /4 0 0  positions. D irect sequencing o f a m ix tu re
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o f PCR products negates the p o s s ib ility  o f read ing  an in c o rre c t sequence, since 
m is inco rpo ra tions  are random  and lik e ly  to  be present in  the same pos ition  in  
on ly  a sm all p ro p o rtio n  o f the to ta l PCR am plified  molecules.
A  second use fu l m o d ifica tio n  to  tra d it io n a l d ideoxy sequencing is the use o f 
autom ated sequencing (sections 2.20.6 and 6). In  th is m ethod, each o f the fo u r  
ddNTPs has a d iffe re n t dye label. A ll fo u r reactions are ca rried  ou t in  the one 
tube and the gel is scanned using a laser. The dye labels can be id en tified  by  the 
laser and the sequence is a u to m a tica lly  read. This techn ique  e lim ina tes the 
necessity fo r  the use o f rad io isotopes and, under suitab le cond itions, allows a 
g rea te r leng th  o f  sequence to  be de te rm ined . However, i t  is expensive and 
requires h igh  q u a lity  DNA to  ob ta in  good sequence.
1.2.5 R e s tr ic t io n  f ra g m e n t  le n g th  p o ly m o rp h is m  a n a ly s is
A n o th e r  m e th o d  fo r  th e  id e n t if ic a t io n  o f gene tic  d iffe re n c e s  betw een 
in d iv idua ls  is a techn ique know n as re s tr ic tio n  frag m en t le ng th  p o lym o rp h ism  
(RFLP) analysis (Botste in  e t ai., 1980). This in it ia l ly  in v o lv e d  the  analysis o f 
to ta l genomic DNA, b u t has been adapted fo r  use w ith  PCR products . The most 
com m on a p p lic a tio n  o f  th is  techn ique  invo lves  the  a m p lif ic a t io n  o f  sm all 
stretches o f genom ic DNA b y  the polym erase cha in  reac tion . The re s u lt in g  
p roduc ts  are then  cu t in to  sm a lle r fragm ents by  d igestion  w ith  a re s tr ic t io n  
enzyme specific fo r  the sequence o f in terest. This m ay be one w h ich  cuts in  a 
reg ion  encoding a single red  ce ll antigen. The digested m a te ria l gives a series 
o f  sm a lle r fragm en ts  w h ich  can be id e n t if ie d  by  gel e lec trophores is . The 
re su ltin g  p a tte rn  o f re s tr ic tio n  fragm ents m ay be d iagnostic  fo r  a p a r t ic u la r  
phenotype e.g. tha t o f a red  cell antigen o f in terest. Therefore, the b lood donor 
genotype m ay be de te rm ined  by  analysis o f the band ing  p a tte rn  ob ta ined by 
RFLP analysis (section 7). This techn ique can also be ca rried  ou t d ire c tly  on 
genom ic DNA, b u t the use o f PCR p roducts  gives c leare r resu lts , p a r t ic u la r ly  
when using RFLP analysis as a d iagnostic test in  a c lin ica l s itua tion . The use o f 
th is  m ethod  has been described fo r  the investiga tion  o f several b lood  g roup  
systems (Zelinski et al., 1991 c).
1.2.6 S o u th e rn  b lo t t in g  u s in g  to ta l g en om ic  DNA
This m ethod allows the com parison o f  genes fro m  n o rm a l and n u ll o r va r ia n t 
pheno types . I t  gives co m p a ra tive  in fo rm a tio n  re g a rd in g  s im ila r it ie s  and
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d iffe rences  betw een genom ic DNA d e riv e d  fro m  such samples. S ou thern  
b lo tt in g  can be used to  de te rm ine  the presence and  the  m o le cu la r size o f 
fra g m e n ts  o f  a sp e c ific  gene, and also a llow s gene tic  c h a ra c te r is a tio n  
(Southern, 1975). This m ethod involves the digestion o f to ta l genomic DNA w ith  
va r io u s  re s tr ic t io n  enzym es. The d igested  DNA is th e n  reso lved  by  gel 
e lectrophoresis and b lo tte d  on to  a n y lo n  o r n itroce llu lose  m em brane. A DNA 
probe  o r a PCR p ro d u c t co n ta in in g  p a r t o r a ll o f the  gene fro m  a know n  
phenotype is then  rad io labe lled  and used to  hyb rid ize  to  the  b lo t. The b lo t is 
washed and exposed to  X-ray film , g iving rise to  a series o f bands on the film . I f  
m a jo r d iffe re n ce s  in  b a n d in g  p a tte rn  are p resen t, th is  m ay p ro v id e  an 
in d ica tio n  th a t the re  are d ifferences in  the sequences o f the  tw o genes. They 
m ay be as litt le  as one o r two nucleotides w h ich  a lte r a re s tr ic tio n  enzyme site, 
o r could ind ica te  m a jo r d ifferences in  long stretches o f the  sequence. I f  on ly  a 
sm all num be r o f nucleotides d if fe r  between the p robe  and ta rg e t sequences, 
and these do n o t a lte r the  re s tr ic tio n  enzyme sites, then de tection  by  Southern 
b lo tt in g  becomes m ore d iff ic u lt.  Fu rthe r investiga tion  m ust then be carried  ou t 
and sequencing o f the cDNA is essential in  o rde r to id e n tify  these varia tions.
1-3 In t ro d u c t io n  to  m o le c u la r  b io lo g ic a l re se a rch  on  b lo o d  
g ro u p  sys tem s
H isto ry  o f research in to  b lood groups spans approxim ate ly 90 years and consists 
m a in ly  o f  the  resu lts  o f  sero log ica l techniques, such as haem agg lu tina tion , 
w h ic h  were used to  de fine  b lo o d  g roup  antigens b y  th e ir  com p le m e n ta ry  
antibodies. Fam ily studies were also used to  lea rn  about the in he ritance  o f such 
antigens. Red ce ll antigens are s truc tu res  exposed on  the  re d  ce ll surface 
w h ich, und e r ce rta in  circum stances, can provoke the p ro d u c tio n  o f a specific 
c ircu la tin g  a n tib ody  in  an in d iv id u a l's  bloodstream . 191 o f these structures are 
know n to  com prise 23 recognised b lood group systems (Anstee, 1995).
Several b lood  group systems are cu rre n tly  under in ves tiga tio n  using m o lecu la r 
b io lo g y  techn iques. The resu lts  f ro m  these in v e s tig a tio n s  have revea led  
im p o rta n t in fo rm a tio n  about the ABO, Rhesus, Kell, K idd, D u ffy  and MNSs blood 
g roup  systems. These fin d in g s  in c lud e  in fo rm a tio n  rega rd ing  gene sequence 
and the resu lting  p ro te in  s truc tu re , the chrom osom al lo ca tion  o f the gene and 
the genetic basis fo r  the presence o r absence o f p a rt ic u la r  antigens on the red 
ce ll surface. The re d  ce ll pheno type  can be p re d ic te d  b y  use o f PCR and 
associated techniques and th is  should prove a usefu l to o l to  ensure p rov is ion  o f
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com patib le b lood  in  cases where a rare phenotype donor has m u lt ip le  c lin ic a lly  
s ig n if ic a n t a n tib od ies  p resen t in  the  c irc u la tio n . Th is  app roach  w o u ld  be 
s low er th a n  t ra d it io n a l se ro log ica l m ethods, b u t i t  w o u ld  be use fu l w h e re  
reagents are d if f ic u lt  to  obtain.
P rio r to  a deta iled discussion on the Kell b lood group system, a b r ie f  review  o f 
im p o rta n t aspects o f ABO, Rh, MNSs and some m in o r b lo o d  g roup  systems is 
presented.
1.4 The ABO b lo o d  g ro u p  system
The ABO b lood group system, d iscovered by Landste iner in  1900, was the f irs t 
a llo a n tig e n  system  recogn ized  on e ry th ro cy te s  and is the  m ost im p o r ta n t 
system in  transfus ion  m edicine (Landsteiner, 1900). Between 1950 and 1970 the 
antigens were characterised chem ica lly  and were shown to  be oligosaccharide 
in  n a tu re  (F igure 1.2) (rev iew ed in  W atkins, 1980). W hen the  b iochem ica l 
pathways fo r  the fo rm a tio n  o f these antigens were de fined i t  became clear tha t 
A and B antigens are derived fro m  a precursor, H substance, p roduced  by the 
a ttachm en t o f a com m on L-fucose residue to  a ca rboh yd ra te  cha in  w ith  N- 
acetylgalactosam ine fo r  the A antigen and galactose fo r  the B antigen. In  bo th  
antigens, an a -l-2 -fucosy ltransfe rase  adds a fucose residue to  the p-galactose o f 
a p re fo rm ed  g lycop ro te in  cha in  (Clausen et al., 1989). In d iv idua ls  who are o f 
g ro u p  A express a l-> 3  N -a ce ty lg a la c to sa m in y ltra n s fe ra se  and g ro u p  B 
in d iv id u a ls  express a l-> 3  galactosyltransferase. In d iv id u a ls  w ho g roup  as AB 
express b o th  transferases and g roup O in d iv id u a ls  express n e ith e r (i.e. the H 
substance rem a ins  u n ch ange d ). A  and  B transfe rases have o v e rla p p in g  
substrate specific ities.
Some o f the o rig ina l m o lecu lar b io logy w o rk  on the ABO b lood group system was 
carried  ou t by  Yamamoto et al. (Yamamoto et al., 1990 a). This w o rk  was the f irs t 
evidence o f the  m o lecu la r basis fo r  the  ABO phenotypes. The iso la tio n  o f a 
soluble fo rm  o f the A transferase fro m  hum an lung and in te s tin a l mucosa was 
re po rte d  (Clausen et a l, 1990, Yamamoto et al., 1990 b). A p a r t ia l am ino acid 
sequence was de te rm ined  and th is  fa c ilita te d  the design o f  o ligo nuc le o tide  
prim ers w h ich  were used fo r  RT-PCR. The resu lting  cDNA, w h ich  encodes the A 
transferase, was cloned and sequenced (Yamamoto e t a l,  1990 a). The gene was 
c lo ned  fro m  cDNA lib ra r ie s  fro m  in d iv id u a ls  o f  k n o w n  p h e n o typ e  and 
nucleo tide  subs titu tions  w h ich  de term ine the d iffe rences between A, B and O
F igu re  1.2 B io c h e m ic a l re la t io n s h ip  be tw e en  A, B and  H a n tig e n s
D iagram  il lu s t r a t in g  the  a d d it io n  o f  sugar m o lecu le s  to  a p re c u rs o r  
g lycop ro te in  (H substance) to  a llow  the  expression o f A  o r B b lo o d  g roup  
antigens. The group A glycosyltransferase gene p ro d u c t catalyses the a d d itio n  
o f N -acetylgalactosam ine and the  B gene p ro d u c t catalyses the  a d d itio n  o f 
galactose to position 3 o f the p-1-galactose m olecule on the H substance.
A antigen 
GalNAc a 1
O (H) antigen 
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phenotypes were id e n tif ie d  (Yamamoto et ai., 1990 a). The d iffe rence between 
the A and B phenotype can be accounted fo r  by several nuc leo tide  differences 
w h ich  give rise to  fo u r consistent am ino acid substitu tions at residues 176, 235, 
266 and 268. The H gene has also been isolated (Ernst et ai., 1989).
Southern b lo t analysis o f genomic DNA (section 1.2.6) a llow ed the id e n tifica tio n  
o f a single nuc leo tide  de le tion  in  the coding reg ion  at am ino acid residue 258 
w h ich  gives rise to  a s h ift  in  read ing  fram e. This d e le tion  accounts fo r  the 
expression o f th e  O p h e no type  and is lik e ly  to  lead  to  tra n s la t io n  o f an 
enzym atica lly  inactive  p ro te in  (Yamamoto et a l, 1990 a).
Three o f the fo u r  nucleotide substitu tions and the deletion at am ino acid residue 
258 generated a lle le specific re s tr ic tio n  enzyme sites (Yamamoto et a l,  1990 a). 
These sites were used as a diagnostic test fo r  ABO genotype d e te rm ina tio n  using 
the RFLP technique (section 1.2.5) as p a rtic u la r enzymes are d iagnostic fo r  o n ly  
one in d iv id u a l genotype. These enzymes w ill on ly  cu t the PCR p roduc ts  where 
the  specific  enzym e site exists and th is  is d ire c t ly  dependent on the donor 
genotype.
The existence o f subgroups w ith in  the ABO system raises the  question o f the  
basis fo r  these d iffe rences  in  l ig h t  o f  the  resu lts  w h ic h  arise fro m  the  
genotyp ing experim ents. I t  has been suggested th a t the A i  and A2 subgroups, 
id e n tifie d  by  the use o f e ithe r antibodies o r lectins (Race e t ai., 1975), arise as a 
re s u lt o f  the  express ion  o f  a l-> 3  N -ace ty lga lac tosam iny ltrans fe rases  w ith  
d iffe re n t k in e tic  p ro p e rtie s  (Yam am oto e l ai., 1990 b). This w o u ld  re s u lt in  
q u a n tita tiv e  d iffe rences in  the  A  ca rboh yd ra te  antigens (Engelm ann et ai., 
1993). M ore recently, the nuc leo tide  sequences w h ich  account fo r  the A^ alle le  
(Yamamoto e t ai., 1992) and some o f the A^ and B^ alleles (Yamamoto e t ai., 1993 
a) have been determ ined. C haracterisa tion o f one and one b (-^) a lle le  have 
been described by  analysis o f th e ir  genom ic DNA using PCR, subclon ing  and 
DNA sequencing (Yam am oto et ai., 1993 a). Ax in d iv id u a ls  do n o t secrete A 
substance in  th e ir  sa liva  and  th e y  e x h ib it  v e ry  low  le ve ls  o f  a l-> 3  N- 
a ce ty lga lac tosam iny ltrans fe rase  a c tiv ity . In  g ro u p  b ( ^ )  in d iv id u a ls , the  B 
transferase has the a b ility  to  transfe r some GalNAc as w e ll as galactose to  the H 
substance and, as a result, some A antigen also appears on the cell surface.
The re p o rt o f Yamamoto et ai. outlines the nucleotide d ifferences w h ich  account 
fo r  the expression o f these p a rtic u la r phenotypes (Yamamoto et a l ,  1993 a). The
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Ax phenotype appears to  arise as a resu lt o f a single nuc leo tide  change in  the 
nuc leo tide  sequence at p o s itio n  646 (T->A). The b (^ )  p h e n o typ e  can be 
accounted fo r  by  two changes in  the B nucleotide sequence at positions 657 and 
703 (T->C and A->G respectively). The A%0 3 ->G m uta tion  results in  a 
serine -> g lycine subs titu tion  at am ino acid residue 235 and th is  coincides w ith  
the  second o f  fo u r  am ino  ac id  su b s titu tio n s  w h ich  d is c rim in a te  A and B 
transferases. The g lyc ine  res idue  in  the  b (^ )  in d iv id u a l is id e n tic a l to  the  
residue present at th a t p o s ition  in  g roup  A in d iv idua ls . O the r fo rm s o f the  O 
allele have also been reported  (Yamamoto et ai., 1993 b)
A n a lle le specific PCR (ASPCR) m ethod has been described w h ich  can be used 
d ire c tly  fo r  the  ABO genotyp ing o f in d iv idua ls  (Ugozzoli e t ai., 1992). The PCR 
o ligonucleo tide  p r im e r design is c ruc ia l fo r  the success o f th is  technique. Four 
sets o f o ligonuc leo tide  prim ers, each o f w h ich  is specific fo r  a d iffe re n t set o f 
ABO alleles, are in c o rp o ra te d  in to  a s ing le PCR re a c tio n  and the  re s u ltin g  
p roducts  are analysed by  gel e lectrophoresis. This allows PCR to  be ca rried  out 
in  an alle le specific m anner and has been reported  to  be 100% re liab le  (Wu et 
a i ,  1989). The ASPCR technique is dependent on the PCR p rim e rs  being an exact 
m atch to  the ta rge t sequence at th e ir  3' end. A single nuc leo tide  m ism atch at 
th a t p o in t w il l p reven t extension o f the p rim ers and, as a resu lt, w i l l  p reven t 
the a m p lifica tio n  o f PCR products. I t  is essential tha t each p r im e r p a ir  used is 
designed to  generate a p ro d u c t th a t d iffe rs  s u ffic ie n tly  in  size fro m  the o the r 
p roducts s im ultaneously generated, such tha t a ll can be separated c learly  by gel 
electrophoresis. The advantage o f using th is  techn ique is th a t a lle lic  genotypes 
can be dete rm ined  in  a single reaction.
The a p p lic a tio n  o f m ode rn  m o le cu la r b io lo g y  techn iques has led  to  m a jo r 
advances in  the com prehension and diagnosis o f genetic v a r ia t io n  in  the ABO 
b lood  g roup system. The ABO system is an excellent exam ple o f the  progress 
feasible w ith  these m ethods fo r  und ers tand ing  the m o lecu la r genetic basis o f 
o the r b lood group systems.
1.5 The  Rhesus b lo o d  g ro u p  system
M ore m o lecu la r b io lo g y  studies have been p e rfo rm e d  on the  Rhesus b lood  
group system than on any other. This is n o t surp ris ing , as the  Rhesus system is 
one o f the m ost com plex b lood  g roup  systems known. It  com prises at least 47 
d is tin c t antigens (Anstee e t a l, 1994), and the antigens C, c E, e and D are
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po lym o rp h ic . The Rhesus D an tigen  was discovered m ore than  50 years ago 
(Lev in e  et a l ,  1939). Th is system  is ex trem e ly  im p o r ta n t  in  tra n s fu s io n  
m edicine, as the associated antibod ies can be responsib le fo r  severe cases o f 
haem olytic  disease o f the new born and can cause fa ta l transfus ion  reactions.
1.5.1 G ene tic  a n a ly s is  o f  R h esus  genes
Genetic analyses have dem onstra ted  th a t the D, C /c  and E/e an tigens are 
in h e rite d  as a single en tity , b u t i t  was in it ia l ly  unc lear w h e th e r these antigens 
were the p roduc t o f a single locus, o r were encoded by genes a t several sub-loci. 
The Rh  locus has been assigned to the short arm  o f chrom osom e 1 (McGuire et 
a l,  1988). A m ore precise location o f Ip 3 4 .3 -lp 3 6 .1  was de te rm ined  by the use o f 
in situ h y b r id iz a tio n  w ith  metaphase chromosomes (C he rif-Z aha r et a l, 1991). 
In  1990, A ven t et a l  re p o rte d  the  c lon ing  o f the cDNA encod ing  a 30 kDa 
e ry th ro c y te  m em brane p ro te in  associated w ith  Rhesus b lo o d  g ro u p  an tigen  
expression (Avent et al., 1990).
1 .5.2 Rhesus p o ly p e p t id e s
The s truc tu re  and sequence o f the p ro te in  ca rry ing  Rhesus antigens was p o o rly  
unde rs too d  before  the cDNA encoding the 30 kDa Rhesus p o lyp e p tid e  was 
cloned. It had been suggested tha t the Rhesus po lyp ep tide  m ig h t be in vo lve d  in  
m a in ta in in g  the asym m etric  d is tr ib u tio n  o f phospho lip ids  in  the e ry th ro cy te  
m em brane. Im m u n o p ré c ip ita tio n  studies had id e n tif ie d  th is  ung lycosy la ted  30 
kDa m embrane po lypep tide  as a Rhesus antigen ca rry in g  p ro te in  (M oore et a l, 
1982, G ahm berg, 1982 and 1983). The Rhesus antigens are know n to  be 
s u lp h y d ry l con ta in ing  po lypep tides (Green, 1967 and 1983). A n ti-c  and anti-E 
antibodies have been used to  im m unop rec ip ita te  re la ted  p ro te ins  (M oore et a l, 
1982). Polypeptides w h ich  ca rry  the Rhesus D and C/c, E/e antigens were used to 
establish a p a r t ia l am ino  ac id  sequence by a p ro te in  sequencing techn ique  
(Bloy et al., 1988). cDNA lib ra ry  methods were then used, as described in  section 
1.2.1, to  iso la te  clones co n ta in in g  Rhesus re la ted  sequences. W hen Rhesus 
po lypep tides were p rec ip ita ted  in d iv id u a lly , using anti-c, an ti-D  o r anti-E  i t  was 
fo u n d  th a t, a lth o u g h  the  po lypep tides  are h ig h ly  re la ted , each is a d is tin c t 
p ro te in  (B lanchard et ai., 1988).
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1.5.3 M o le c u la r  b io lo g ic a l a n a lys is  o f  th e  Rhesus b lo o d  g ro u p  
s y s te m
The m o lecu la r c lon ing o f the hum an Rhesus gene (lead ing to  the d e riva tion  o f 
the p ro te in  sequence o f the hum an Rhesus po lypep tide ) was repo rte d  in  1990 
(C he rif-Z aha r et ai., 1990). Again, the  c lon ing  w o rk  invo lved  the  screening o f 
cDNA lib ra ries , us ing PCR p roduc ts  de rived  fro m  the 5 '- te rm in a l end o f the 
Rhesus gene as probes to id e n tify  the Rhesus cDNA in  the lib ra ry . This encodes 
a conserved reg ion  in  the Rhesus pro te ins. These w orkers repo rte d  the size o f 
the en tire  Rhesus s tru c tu ra l gene as being 1384 nucleotides. T rans la tion  o f the 
open reading fram e ind ica ted  th a t the Rhesus p ro te in  is composed o f 416 am ino 
acids, w ith  a p red ic te d  m o lecu la r mass o f the p ro te in  as 45.5 kDa. SDS PAGE 
analysis o f the p ro te in  predicts on ly  30 kDa to  32 kDa. These results suggest tha t 
e ithe r the Rhesus p ro te in  behaves in  a pecu lia r m anner on SDS PAGE, o r tha t 
the mRNA encodes a p recu rso r substance w h ich  is subsequently cleaved at the 
C -te rm ina l end (the ex trace llu la r p o rt io n  o f the p ro te in ).
Three separate Rhesus po lypep tides  can be expressed on any one cell. One 
carries the  D an tigen  and the  o th e r tw o c a rry  the  C /c  and E/e an tigens 
(U m enish i et al., 1994). The sequence o f these three po lypep tides is iden tica l up 
to  the 41st am ino acid residue, a fte r w h ich  they s ta rt to  diverge. The Rhesus C, D 
and E po lypep tides are closely re la ted  b u t d is tin c t p ro te ins and i t  is lik e ly  th a t 
tw o separate, b u t c losely lin ked , lo c i exist w h ich  encode the  C /c, E/e and D 
antigens (Le Van K im  et a l, 1992 a). RFLP analysis o f the genom ic DNA fro m  Rh 
D positive and Rh D negative ind iv idua ls  ind ica ted th a t Rh D pos itive  in d iv idua ls  
have tw o Rh po lyp e p tid e  genes whereas the Rh D negative  in d iv id u a ls  have 
on ly  one gene (M ouro et a l, 1993, Umenishi et a l, 1994 b). These results suggest 
th a t the Rhesus D negative pheno type  m ay arise as a re su lt o f  a RhD  gene 
de le tion , as had been in d ica te d  by  p rev ious  w o rk  (C o lin  e t a l,  1991). This 
re in fo rces the idea th a t tw o separate lo c i exist w ith in  the  Rhesus system. One 
and two d im ensiona l pep tide  maps o f the Rhesus po lypep tides show th a t they 
are s tru c tu ra lly  d is tin c t (B loy e t a l, 1988, Suyama et a l, 1988, B lanchard e t al, 
1988). Southern b lo t analyses have shown th a t the  Rh  locus c a rrie d  in  the 
genome o f RhD positive  in d iv idua ls  is composed o f tw o s tro n g ly  re la ted  genes, 
whereas s im ila r investiga tion  o f RhD negative in d iv idua ls  reveals the presence 
o f on ly  one o f these genes (C o lin  e t a l, 1991). These results support the peptide 
m apping and RFLP analysis results and agree w ith  the hypothesis tha t Rhesus D 
antigen is coded fo r  b y  one gene and Rhesus C /c and E/e antigens are coded fo r
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by  a second gene (B loy et a l, 1988, Suyama et a l, 1988, B lanchard et a l, 1988). 
A lte rn a tive  sp lic ing  then  gives rise to  the synthesis o f  the po lypep tides a lready 
described. The re p o r t o f U m en ish i e t a l  shows the  presence o f bands on 
Southern b lots o f genomic DNA digested w ith  va rious re s tr ic t io n  enzymes and 
p robed  w ith  fragm ents specific  fo r  the  3 ’ and 5' ends o f the  Rh  sequence 
(U m en ish i et a l,  1994 a). T he ir experim ents dem onstra ted  the  presence o f a 
fra g m e n t fo r  the  Rh c phe no type , irre sp e c tive  o f  th e  RhD status, a new 
deve lopm ent in  the in ve s tig a tio n  o f  the  C/c sequences. F u rth e r evidence was 
pub lish e d  s im u ltan eous ly  w h ich  showed sequence d iffe rences in  the  genes 
encoding the C and the c antigens (H yland et a l,  1994 a). These authors also 
reported  tha t the gene sequences in  in d iv id u a ls  who are c+, E+ are d iffe re n t in  
RhD positive  and RhD negative samples.
The gene encoding a 50 kDa m em brane g lycopro te in  w h ich  is associated w ith  
Rhesus b lood  g roup antigen expression has been iso lated and cloned (Rid g w e ll 
et al., 1992). This p ro te in  coprecip ita tes w ith  the 30 kDa ung lycosyla ted Rhesus 
p ro te in  on im m u n p re c ip ita tio n  w ith  anti-Rh antibodies. The gene was mapped 
to  6p21-q te r, a com ple te ly  d iffe re n t chrom osom al lo ca tion  to  th a t determ ined 
fo r  the gene encoding the 30 kDa p ro te in . This pos ition  has been defined as the 
RhSO g lycop ro te in  locus. Tha t is, th is locus encodes a po lypep tide  o f pred icted 
m olecu la r mass 50 kDa. This po lypep tide  has been shown to  be present on Rh 
n u ll U+ cells (where U is an antigen o f the MNSs b lood  g roup system, unre la ted 
to  Rhesus) and, there fo re , does n o t account fo r  the p o ly m o rp h ic  v a r ia tio n  o f 
the Rhesus system, a lthough  i t  is a re la ted  po lypep tide . These results ind ica te  
th a t tw o  separate genes encode the  30 kDa and 50 kDa Rhesus re la te d  
polypeptides. This 50 kDa p ro te in  is glycosylated, un like  the 30 kDa po lypep tide  
(Moore et a l,  1982). I t  is no t ye t clear w he the r the  expression o f Rh antigens 
requires the association o f the 50 and 30 kDa polypeptides o r w hether the 30 kDa 
po lypep tide  can give rise to  antigen expression independently .
The iso la tion  o f three Rh  re la ted  cDNAs fro m  a hum an bone m arrow  lib ra ry  
has been reported  (Le Van K im  et al., 1992 a). The authors propose the existence 
o f Rhesus p ro te in  iso fo rm s w h ich  d if fe r  fro m  those whose genes had been 
cloned previously. The differences inc lude peptide deletions and the  generation 
o f a new C -te rm in a l p o lyp e p tid e  caused by  fra m e sh ift m u ta tions . A ll o f the 
iso fo rm s w h ich  had  been described u n t i l  th is  p o in t arose fro m  d if fe re n t ia l 
sp lic ing  o f tra n sc rip ts  fro m  the same Rh  gene. The resu lts  re po rte d  by th is  
group support the idea th a t two genes reside at the Rhesus locus and tha t these
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d ire c t the  synthesis o f  th re e  p ro te in  species w h ich  m ay re la te  to  d iffe re n t 
Rhesus antigenic va rian ts  (F igure 1.3).
1 .5 .4  Rhesus n u l l  p h e n o ty p e s
RFLP analysis suggests th a t the tw o samples o f am orph  type  Rhesus n u ll blood 
(where the phenotype arises as resu lt o f  bo th  parents being e ith e r hom ozygous 
o r he te rozygous fo r  the  Rhesus n u ll c o n d it io n ) arose as a re s u lt o f  tw o 
in depe nden t m u ta tio n s  (C a rr it t  e t a l,  1993). Th is w o u ld  accoun t fo r  the  
extrem ely low  inc idence o f th is  phenotype, as these m uta tions  w ou ld  have to  
occur on bo th  alleles fo r  the phenotype to  m anifest itse lf. This suggests tha t the 
Rh n u ll phenotype does n o t arise as a resu lt o f a gross gene de le tion  and also 
shows th a t th is  phenotype can have d iffe re n t Rhesus genetic backgrounds. The 
second, and m ore common, type o f Rh n u ll phenotype, is the "re g u la to r" type, 
w h ich  arises as a resu lt o f the presence o f a double dose o f a repressor gene 
(X^r) at an autosomal locus un lin ked  to  the Rh  locus, A recen t re p o rt w h ich  has 
investiga ted  the genes o f b o th  Rh n u ll types suggests th a t Rh n u ll re g u la to r 
types are unable to  express Rh antigens, bu t can pass on fu n c tio n a l Rh  genes to 
th e  n e x t g e n e ra tio n  (C h e rif-Z a h a r et a l ,  1993). The Rh n u l l re g u la to r  
phenotype can apparen tly  arise in  DD, Dd o r dd in d iv id u a ls  and the repression 
o f antigen expression is the re fo re  independent o f the RhD  genotype. This was 
con firm ed  by Southern b lo t analysis, w h ich  showed id e n tica l band ing  p a tte rn  
between no rm a l and Rh n u ll regu la to r ind iv idua ls  (C artron  et al., 1993).
S im ila rly , resu lts  suggest tha t, in  the  Rh n u ll am orph  types investigated, the 
phenotype d id  n o t arise as a resu lt o f  a m a jo r de le tion  o f the Rh  locus. C loning 
and sequencing o f in v itro  am p lified  products  also showed th a t the am orph  Rh 
n u l l  does n o t arise th ro u g h  gene re a rran gem en t o r  p o in t  m u ta tio n . One 
exp lana tion  m ay be th a t a tra n sc rip tio n a l in h ib ito r  blocks the expression o f the  
Rh polypeptides.
1.5.5 E xp ress ion  o f  Rhesus p o ly p e p tid e s  in  v itro  and  in  v ivo
Suyam a e t al. described  the  in  v itro  expression o f the  32 kDa Rhesus 
po lypep tide  (Suyama e t a l,  1993). This was achieved b y  in s e rtin g  p re v io u s ly  
c loned Rh  cDNA in to  a pGEM vec to r. This was tra n s c r ib e d /tra n s la te d  in  a 
re ticu lo cy te  lysate system and resu lted in  the p ro d u c tio n  o f p ro te ins o f 30 kDa 
(m ino r) and 32 kDa (m a jo r) as de term ined by SDS PAGE. Expression was also
F igu re  1.3 T he  a rra n g e m e n t o f  th e  R h esus  genes
Schematic d iagram  o f the s truc tu re  o f the Rh  locus. Two Rh  genes (one w h ic h  
encodes the D p ro te in  and the second w h ich  encodes the CcEe p ro te in s ) are 
present in  Rhesus p o s itive  in d iv id u a ls . O n ly  one gene, encod ing  the  CcEe 
prote ins, is present in  Rhesus negative ind iv idua ls .
Rh pos itive Rh negative
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a c h ie v e d  s u c c e s s fu lly  in  a C h inese  h a m s te r  o v a ry  c e ll sys tem . 
Im m u n o p ré c ip ita tio n  experim ents using anti-Rh specific ra b b it antibodies also 
con firm ed  the Rhesus spec ific ity  o f these polypeptides.
N o rth e rn  b lo t analysis, w h ich  can be used to  detect the expression o f Rhesus 
genes in  specific tissues, has shown th a t expression is lik e ly  to  be res tric ted  to 
cells o f e ry th ro id  lineage (C herif-Zahar e t a i,  1990). This m ay be a usefu l to o l 
fo r  the  in ves tiga tio n  o f the  b iosynthesis o f  the  Rhesus antigens d u r in g  the 
developm ent o f the red  cells.
1 .5 .6  R h esu s  g e n o ty p in g
G enotyp ing, w ith  respect to  the  Rhesus b lood  g roup  system, has im p o rta n t 
im p lica tions  in  the f ie ld  o f  transfus ion  science. The de te rm ina tio n  o f the foeta l 
genotype is c r it ic a l in  cases where HDN m ay arise. Therefore, the developm ent 
o f a PCR-based genotyp ing  test w h ich  can u tiliz e  sm all ce ll num bers, such as 
cho rion ic -v illu s  samples o r am nio tic  f lu id  samples, is a m a jo r step fo rw a rd . This 
type o f assay was described in  1993 (Bennet et a l, 1993). The Bennet m ethod was 
used to  determ ine the foe ta l genotype and, as a resu lt, pos itive  decisions cou ld  
be m ade rega rd in g  the  p o s s ib ility  o f  fu r th e r  im m u n is a tio n  in  p re v io u s ly  
sensitised m others. C lin ica l decisions regard ing in d u c tio n  o f b ir th  cou ld  also be 
taken based on the  resu lts obta ined. As described above, the Rh b lood  group 
antigens are c a rrie d  by  a t least th ree  hom ologous, b u t d is tin c t, m em brane 
p ro te ins. Two o f the p ro te ins  have sero log ica lly  d is tingu ishab le  iso form s, th a t 
is C, c and E, e. The th ird  p ro te in , w h ich  carries the D antigen mosaic, has no 
de fined  iso form . The Rhesus gene locus resides on chrom osom e 1 at pos ition  
Ip 3 4 -p 3 6  and  th is  consists o f  tw o  ad jacen t hom ologous s tru c tu ra l genes 
designated RhCcEe and RhD  (C o lin  e t a l,  1991). The sequences o f the cod ing  
regions o f these tw o genes are 96% iden tica l, suggesting th a t these m ay have 
arisen th ro u g h  the d u p lic a tio n  o f  a single ancestra l gene. The RhCcEe gene 
encodes the C /c and E/e p ro te ins  and the  isoform s are m ost lik e ly  to  arise as a 
resu lt o f a lte rna tive  sp lic ing  o f  a p r im a ry  tra n sc rip t. E and e alleles v a ry  by 
o n ly  one nuc leo tide , whereas th e  C and c a lle les v a ry  by  as m any as six 
nucleotides w h ich  re su lt in  fo u r  am ino acid subs titu tions  (M ou ro  et a l,  1993, 
Simsek et ai., 1994 a). The RhD  gene encodes the D p ro te in  and is absent on bo th  
chrom osom es o f RhD negative in d iv id u a ls . PCR assays have been described 
w h ich  co -am p lify  a 136 base p a ir  fragm ent common to  bo th  the RhCcEe and the 
RhD  genes, and  a 186 base p a ir  fra g m e n t w h ich  is spec ific  fo r  the  3 ’
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un trans la ted  reg ion  o f the RhD  gene (Bennet et a l, 1993). Gel analysis o f  the 
PCR products  w ou ld  there fo re  reveal the presence o r absence o f the RhD  gene 
depending on the presence o f doub le  o r  single bands on the gel. The re p o rt 
suggests th is  assay is extrem ely fast, re liab le  and rep roduc ib le . C ontam ina tion  
o f the sample by  the RhD negative m o th e r’s cells w o u ld  n o t pose a p rob lem  in  
th is  type o f test, as on ly  the foe ta l cells could give rise to  a PCR p ro d u c t specific 
fo r  the  RhD  gene. However, co n ta m in a tio n  o f  the sam ple by  the  in d iv id u a l 
undertak ing  the procedure m ust be avoided at a ll cost, as th is  could give rise to  a 
false pos itive  re su lt due to  the se n s itiv ity  o f the PCR techn ique . A p p ro p ria te  
contro ls m ust be inc luded to  ensure th a t false negative resu lts are no t ob ta ined 
as a re su lt o f fa ilu re  o f the PCR itse lf. One re p o rt has been pub lished  w h ich  
de ta ils  p ro b le m s  in  the  a p p lic a tio n  o f  the  Bennet PCR m e th o d  fo r  Rh  
geno typ ing  (Simsek et a l, 1994b). O ther groups pub lished  w o rk  s im u ltaneously  
w h ic h  d e ta il s im ila r  PCR based d ia g n o s tic  tests fo r  Rhesus gen o typ e  
de te rm ina tion  (W o lte r et al., 1993, Lo et al., 1994, Simsek e t al., 1995).
1.5 .7  O rg a n is a tio n  o f  R h esus  genes
A re p o r t pub lished  in  1993 describes the a m p lifica tio n  o f Rhesus cDNAs fro m  
c u ltu re d  p ro g e n ito r  e ry th ro id  cells by  PCR (K a jii e t a l,  1993 b). These PCR 
p roduc ts  were then  sequenced d ire c tly . Two Rhesus p o lyp e p tid e  cDNAs were 
iso la ted  and the sequences o f these were de term ined . One d iffe rs  fro m  the 
pub lished  sequence by a single nuc leo tid e  su b s titu tio n , whereas the  second 
conta ins 41 nuc leo tide  subs titu tions  resu lting  in  31 am ino acid changes. This 
illu s tra te s  the degree o f p o lym o rp h ism  w h ich  exists w ith in  the Rhesus b lood  
g roup system.
The s tru c tu ra l o rgan iza tion  o f  the CcEe gene has re c e n tly  been established. 
Th is consists o f  10 exons spread ove r 75 kb o f DNA. It  is lik e ly  th a t the 
transcrip ts  o f the CcEe gene are processed by a lte rna tive  sp lic ing  o f exons 4-8 
to  produce the isoform s already described (Cherif-Zahar et al., 1994 a).
C learly , a g reat dea l o f in fo rm a tio n  has come to  l ig h t  as a re s u lt o f  the  
m o lecu la r b io lo g ica l in ves tiga tio n  o f the Rhesus b lood  g roup  system. Some o f 
these fin d in g s  have enabled the deve lopm ent o f d iagnostic assays fo r  Rhesus 
g e n o ty p in g  w h ic h  are s u p e rio r  to  the  t ra d it io n a l se ro lo g ica l techn iques 
available. The m ethods a lready described in  th is  section have m a jo r c lin ic a l
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im p lica tio ns , p a r t ic u la r ly  in  an te-nata l w ork, and shou ld  p rove  va luab le  tools 
fo r  the im provem ent o f pa tien t care.
1.6 The MNSs b lo o d  g ro u p  system
The antigens o f the MNSs b lood  g roup  system were am ong the  f ir s t  to  be 
recogn ized a fte r the ABO antigens were d iscovered (Landste iner et a l,  1927). 
They are c a rrie d  on red  ce ll m em brane g lyco p h o rin s  A  and B (a and  p). 
G lycopho rins  A  and B are s ia log lycop ro te ins  c a rry in g  the  MN and the Ss 
antigens respective ly  (F igure 1.4). The p r im a ry  sequences fo r  these p ro te ins  
have been d e te rm ined  (T o m ita  et al., 1978, B lanchard et a l ,  1987 b). The 
expression o f M o r N antigen is determ ined by the am ino acid residues at codons 
1 and 5 (serine and g lyc ine  fo r  M and  leuc ine  and g lu ta m ic  ac id  fo r  N). 
G lyco p h o rin  B also carries  N an tigen  as i t  has leuc ine  and  g lu ta m ic  acid  
residues at positions 1 and 5. The expression o f S and s antigens on g lycopho rin  
B is de term ined by  the presence o f m e th ion ine  o r th re on ine , respective ly , at 
am ino acid pos ition  29. G lycophorin  A is a transm em brane p ro te in  o f 131 am ino 
acids and the p red ic ted  m olecu la r mass is 36 kDa. This was the f ir s t  m em brane 
p ro te in  fo r  w h ich  the am ino acid sequence was determ ined . G lycopho rin  B is 
lik e ly  to  have arisen by  gene d u p lica tio n  fro m  a paren t gene fo r  G lycopho rin  A 
as the am ino acid sequences show a h igh  degree o f hom ology. This p ro te in  is 72 
am ino  acids in  le n g th  and has a p red ic te d  m o lecu la r mass o f 20 kDa. The 
nucleotide sequences o f  iso lated cDNA clones fo r  each o f the two pro te ins have 
co n firm e d  the  p r im a ry  sequences p rev io us ly  ob ta ined (S iebert et a l,  1986 b, 
S iebert e t al., 1987, Rahuel e t a l,  1988, Tate e t a l,  1988). The chrom osom al 
lo c a tio n  o f the  gene encod ing  G lyco p h o rin  A  was d e te rm in e d  b y  in situ 
h y b r id iz a tio n  (Rahuel et al., 1988). This was found  to  be located on chromosome 
4q28-q31. The iso la tion o f cDNA clones fo r  bo th  o f these g lycopho rins  has been 
re po rte d  (Tate e t a l,  1988). The re su ltin g  nuc leo tid e  sequences have been 
determ ined and the results revealed th a t bo th  p ro te ins  have v ir tu a lly  iden tica l 
N -te rm in a l sequences. cDNA clones encoding these tw o  g lyco p h o rin s  e x h ib it 
strong sequence hom ology, g iv ing  evidence tha t the two p ro te ins  are coded fo r  
b y  separate b u t e v o lu t io n a r ily  re la te d  genes (S iebert e t al., 1986 a). Both 
g ly c o p h o rin s  are h e a v ily  g lyco sy la te d  and  th is  w o u ld  e x p la in  the  h ig h  
apparent m o lecu la r w e igh t o f  these sm all prote ins.
F igu re  1 .4  The  a rra n g e m e n t o f  th e  M NSs  gene
D iagram m atic re p re sen ta tion  o f  the  genes encoding g lycopho rins  A  and  B. 
Exons la be lled  A re fe r  to  g ly c o p h o rin  A  and  those la b e lle d  B re fe r  to  
g lycopho rin  B. Exons w h ich  encode red  ce ll antigens have the  an tigen name 
above the co rre spond ing  exon. Exons encod ing  e x tra c e llu la r sequence are 
unshaded, exons encoding transm em brane sequence are da rk  shaded and exons 
encoding in tra c e llu la r sequence are lig h t ly  shaded.
glycophorin BM /N
A l  A2 A3 A 4 AS A6 A7
glycophorin A "N' S/s
B1 B2 B3 B4 B5
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W ork has been pub lished w h ich  demonstrates tha t red  cells o f  the phenotype S- 
s-U- (w h ich  lack G lycophorin  B) resu lt fro m  a s truc tu ra l de le tion  o f p a rt o f the 
gene encoding G lycophorin  B (Huang et al., 1987).
M iltenb e rge r antigens are v a r ia n t h y b r id  phenotypes w ith in  the MNSs b lood  
group  system, the  antigens o f w h ich  are ca rried  on g lyco p h o rin s  A and B. 
Seven classes o f M ilte n b e rg e r antigens have been described  (Dahr, 1992). 
M ilte n b e rg e r an tigen  classes III, IV  and V I re su lt fro m  the  p ro d u c tio n  o f  a 
pecu lia r g lycopho rin  B p ro te in . The p r im a ry  s truc tu re  o f th is  p ro te in  has been 
re p o rte d  to  show s im ila r ity  to  th a t o f  g ly c o p h o r in  A  (K in g  et a l ,  1989). 
However, m ore  de ta iled  p r im a ry  s tru c tu re  analysis is re q u ire d  to  a llow  fu ll 
com parison between the two prote ins.
The use o f DNA sequence analysis and o f cDNA probes fo r  the  in ves tiga tio n  o f 
the  genes encod ing  G ly c o p h o r in  A  and B has revea led  some im p o r ta n t 
in fo rm a t io n  re g a rd in g  th e  m o le c u le s  w h ic h  c a r ry  S tones a n tig e n ic  
de te rm inan ts . Stones is a ra re  an tigen  o f the MNSs b lo o d  g roup  system, the  
presence o f w h ich  can cause suppression o r enhancement o f M antigen b u t no t 
o f  N, S o r s antigens. Stones antigen arises fro m  a crossover o f the two genes 
encoding G lycophorins A and B, and the p o in t o f crossover has been defined 
(B lanchard  et a l,  1987 a, Dahr et a l,  1987, B lum enfie ld  et a l,  1987). D antu is 
ano the r antigen w ith in  the MNSs b lood  g roup system w h ich, like  Stones, arises 
as a resu lt o f  a h y b r id  in v o lv in g  the gene encoding G lycoph o rin  B (Huang et 
a l,  1988). The crossovers w h ich  give rise to  the Stones and D antu antigens are 
m ost lik e ly  to  arise fro m  chrom osom al m isa lignm en t between n o rm a l genes 
encoding G lycophorins A  and B at meiosis (Anstee et a l, 1982).
1.7 O th e r b lo o d  g ro u p  system s in v e s tig a te d  u s in g  m o le c u la r  
b io lo g y  te c h n iq u e s
The K idd  b lood group antigens are carried  on a 45 kDa p ro te in . cDNA fragm ents 
have been iso lated w h ich  encode these antigens and the  cDNA leng th  is know n 
to  be 2.3 kilobases. (A llen  et a l, 1988). L ittle  m ore is know n  abou t the genetic 
basis o f th is b lood group system to  date. The K idd b lood group and urea tra n s p o rt 
fu n c tio n  o f red  b lood  cells have recen tly  been shown to  be ca rried  on the same 
p ro te in  (Olives et ai., 1995)
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The cDNA encoding the D u ffy  g lyco p ro te in  was iso la ted  re ce n tly  fro m  a bone 
m arrow  cDNA lib ra ry , as a lready described in  section 1.2.1 (C haudhuri et ai., 
1993). The cDNA isolated was 1267 nucleotides in  length, w ith  an open read ing  
fram e encoding a p ro te in  o f 338 am ino acids and apparen t m o lecu la r w e igh t
35.7 kDa.
Severa l o th e r  b lo o d  g ro u p  systems and in d iv id u a l an tigens  have been 
investiga ted  using m o lecu la r b io log ica l techniques, a lthough  no t to  the extent 
o f the b lood  g roup  systems de ta iled  above. These in c lu d e  G erb ich antigens 
(carried  on G lycophorins C and D) (C olin  e t ai., 1986, Colin e t ai., 1989, H igh et 
ai., 1987) and C rom er b lood  g roup antigens w h ich  are com posed o f a 25-26 
kDa p ro te in  encoded by a genetic locus at chromosome lq 3 .2  (Lub lin  e t ai., 
1987, S tafford e t ai., 1988). Ch ido and Rogers antigens, w h ich  are com plem ent 
com ponent re lated, have also been studied. These antigens are encoded by two 
sub loci located in  the m a jo r h is to c o m p a tib ility  com plex class III reg ion  on the  
short a rm  o f chromosome 6 (Belt et ai., 1984, Yu et ai., 1986).
1.8 The  K e ll b lo o d  g ro u p  system
1.8.1 In t r o d u c t io n  to  th e  K e ll b lo o d  g ro u p  system
The Kell b lood group system is the th ird  m ost c lin ic a lly  s ig n ifica n t b lood  group 
system w ith  respect to  transfus ion . M o lecu la r b io lo g ica l in ves tiga tio n  o f th is  
b lood  g roup  system has revealed some in te resting  and use fu l in fo rm a tio n  and 
these find ings w ill be covered in  de ta il in  the rem a inder o f th is  section.
D uring  the early  use o f the a n tig lo b u lin  test, w h ich  revo lu tion ised  transfus ion  
science, Coombs et al. discovered an IgG in d ire c t a g g lu tin a tin g  a n tib o d y  w h ich  
de fined  the  antigen Ke ll (K l)  (Coombs et a l,  1946). The a n tith e tic a l antigen 
Cellano (K2) was discovered three years la te r (Levine et ai., 1949). The d iscovery 
o f the a n tith e tica l pa irs  Kp^ (K3 o r Penney) and Kpb (K4 o r Rautenberg), and 
Js^ (K6 o r Sutter) and Js^  ^ (K7 o r M atthews) m arked the recogn ition  o f the Kell 
b lood  group system as a com plex po lym orph ism  o f red  cell antigens (A llen et ai., 
1957). The name o f th is system is derived fro m  the in d iv id u a l who produced  the 
f irs t  recognised sample o f the  an tibody, b u t num erica l n o ta tio n  has now been 
adopted to  a llow  the designation o f new ly recognised antigen specific ities to  the 
Kell b lood group system.
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1.8.2  K e ll sys tem  a n tig e n s
The Ke ll b lood  group system to  date consists o f  at least 21 antigens, K l to  K24 
(K8, K9 and K15 now being obsolete) (M arsh et a l, 1993). Ten o f these antigens 
are a rranged in  f iv e  a n tith e tic a l sets w ith  opposing h igh  freq uency  and low 
frequency antigens. These sets inc lude  K l and K2; K3 and K4; K6 and K7; and 
K l la n d  K17 (M arsh et a l, 1990). The f i f th  set consists o f  a low  frequency 
a n tigen  K24 w h ic h  is th o u g h t to  be the  a n tith e tic a l p a r tn e r  o f  the  h igh  
fre q u e n cy  antigen K14 (E icher e f a l,  1985). Inheritance  o f  these antigens is 
autosomal and codom inant. A series o f h igh  frequency antigens (K12, K13, K18, 
K19 and K22) has been recognised to  be present on a ll red  cells, except Kq cells 
(section  1.8.5). Due to  the h igh  frequency  o f these antigens, fa m ily  studies 
w h ich  w ou ld  dem onstrate the  co n tro l o f th e ir  p ro d u c tio n  b y  genes at the KEL 
locus are p a rtic u la r ly  d if f ic u lt  to  pe rfo rm . These antigens have the re fo re  been 
labe lled  as Kell re la ted  o r para-K e ll and biochem ica l studies have shown them  
to  be m arkers on the Kell g lycopro te in  (Marsh et a l, 1987).
1.8.3 Im m u n o g e n ic ity  o f  K e ll sys tem  a n tig e n s
The antigens o f the Kell b lood  g roup  system are p a r t ic u la r ly  im m unogenic. K l 
is second o n ly  to  Rhesus D in  its  im m unis ing  potentia l. A pprox im a te ly  5% o f 
K :- l people w ill fo rm  an an tibody  specific fo r  the K l antigen i f  transfused w ith  
one u n it o f K:1 red  cells (M arsh et a l, 1993). Antibodies to  Kell antigens have 
been im p lica ted  in  cases o f  HDN and can occasionally cause severe reactions i f  
in c o m p a tib le  b lo o d  is trans fused . A n t i-K l an tibod ies  are m a in ly  re d  ce ll 
s tim u la ted  im m une antibodies w h ich  tend to  be o f the Ig G l iso type
(M arsh et a l, 1990). T ransfusion  is fa r  m ore lik e ly  to 
s t im u la te  a n t i- K l p ro d u c t io n  th a n  is a fo e to m a te rn a l b leed , b u t the  
consequences o f transfusing a K :- l in d iv id u a l w ith  K:1 red  cells are no t serious 
enough to  ju s tify  selection and transfus ion  o f K :- l red  cells to  such ind iv idua ls . 
On occasion, a n ti-K l m ay be found  in  the serum o f a person w ho has no h is to ry  
o f possible exposure to  K:1 red  cells. The reasons fo r  the occurrence o f such 
antibodies w ill be discussed in  section 1.8.15.
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1 .8 .4  P h e n o ty p e s  a n d  t h e ir  r e c o g n it io n
In  o rd e r to  unders tand  fu lly  a b lood  g roup system, i t  is im p o rta n t to  have a 
k n o w le d g e  o f  th e  a n tig e n ic  c o m p le x ity , the  gen e tic  b a c k g ro u n d , the  
b iochem ica l na tu re  o f the antigenic determ inants and the  m em brane s truc tu re  
w h ich  carries them . The roles th a t the structures p lay  in  the  organ isa tion  and 
fu n c tio n  o f  the  red  ce ll m em brane, and the m o lecu la r basis fo r  n o rm a l and 
va ria n t phenotypes are also im p o rta n t factors to  consider.
As a lready discussed, there  are a num be r o f com m on Kell-associated antigens 
w h ich  have been defined at the phenotyp ic  level, b u t n o t ye t at the genotypic 
level. These are re fe rre d  to  as the  pa ra -K e ll antigens and th e ir  phe no typ ic  
association w ith  the Ke ll b lo o d  g roup  system has been de te rm ined  in  the  
fo llo w in g  wayst-
A
The antigens in  question are absent fro m  Kq cells. Kq is a n u ll pheno type  cell 
w h ic h  lacks a ll know n  Ke ll system  antigens. However, i t  does express Kx 
antigen . This w il l  be discussed in  section 1.8.5. The f ir s t  in d ic a tio n  th a t an 
an tib ody  defines a Kell system-associated antigen is usua lly  th a t the a n tib ody  
reacts w ith  a ll red cell samples w ith  the exception o f Kq phenotype cells and the  
an tibody m aker's own red cells.
B
This red  cell phenotype w ill be discussed in  m ore de ta il in  section 1.8.6, b u t i t  is 
s u ffic ie n t to  say at th is  p o in t th a t K e ll b lood  g ro u p  system  antigens are 
expressed at low levels on McLeod phenotype red cells. This phenotype is named 
a fte r the propositus.
Ç
Red cells th a t lack ve ry  com m on Kell system associated antigens o ften  have a 
ve ry  weak expression o f K4 (Kp^).
Table 1.1 gives a sum m ary o f the know n Kell b lood group system antigens.
From  Tab le  1.1 i t  can be seen th a t, o f  the a n tith e tic a l g roup ings  a lready 
described, one a lle le  tends to  have a g rea tly  increased inc idence  ove r its  
a n tith e tica l pa rtne r. I t  is clear tha t a num ber o f lo c i exist w h ich  are e ithe r
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T ab le  1.1 N o ta tio n s  a nd  fre q u e n c ie s  o f  K e ll sys tem  a n tig e n s
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very  closely linked  or, m ore like ly , are sub loci w ith in  a single genetic locus at 
w h ich sets o f a lle lic  genes o f the Kell b lood group system reside (section 1.8.12).
The antigens K12, K13, K14, K18, K19 and K22 have been shown to  be associated 
w ith  the Kell b lood  group system at a pheno typ ic  level, b u t n o t ye t at a genetic 
leve l (M arsh e t a l,  1987). These antigens are absent fro m  cells w h ich  lack the  
antigens o f the know n a n tith e tic a l group ings a lready described. However, the 
genetic co n tro l o f the p ro d u c tio n  o f some o f these antigens m ay invo lve  genes 
th a t are pos itioned near the Kell com plex locus. It  is possible th a t these genes 
are n o t expressed in  the d ip lo id  in d iv idua l.
In  1976, M arsh lis ted  K16 as being an antigen s im ila r to  K2, w h ich  is found  on 
K:2 cells b u t w h ich  is absent fro m  K:-2 cells (M arsh e t a l,  1976). The possible 
q u a lita tiv e  d iffe rence  between K2 and K16 is a p p a re n t w hen in v e s tig a tin g  
McLeod phenotype red  cells w h ich  exh ib it a weakened fo rm  o f the K2 antigen. 
This is discussed in  section 1.8.6.
1.8.5 The  K e ll N u ll p h e n o ty p e
Ko is a red  cell phenotype where a ll Kell com plex antigens are absent, w ith  the 
exception o f Kx. A lth o u g h  Kx is re la ted  to  Kell, i t  has been shown to  be the 
p rodu c t o f an allele o u tw ith  the KEL gene complex locus (Ho et al., 1992). The K q  
phenotype  occurs when two genes are in h e rite d  at the  Ke ll com plex locus.
is a s ilen t allele at th is  locus and inheritance o f tw o o f these alleles resu lts  in  
red  cells w ith  the K :- l,  -2, -3, -4 etc. pheno type . A sce rta in m e n t o f  the  Kq 
phenotype is o ften  by  the detection  o f the "to ta l-K e ll"  a n tib o d y  a n ti-K ^  (a n ti-  
K5). T h is  m ay  be p ro d u c e d  fo llo w in g  im m u n is a tio n  b y  tra n s fu s io n  o r 
pregnancy (C orcoran et al., 1961).
1.8 .6  The  M^^Leod p h e n o ty p e
The McLeod phenotype is associated w ith  the Kell b lood  g roup  system. In  th is 
phenotype , the  expression o f  the Ke ll com plex antigens is m a rke d ly  weaker 
than  in  no rm a l red  cells (A lle n  et a l,  1961). McLeod cells were f ir s t ly  though t 
to  be o f  the  Kq pheno type , b u t weak (w) expression o f some K e ll system 
antigens was la te r  observed. However, de tec tion  o f these w eak ly  expressed 
antigens re q u ire d  a d s o rp tio n /e lu tio n  studies. The f i r s t  McLeod cells stud ied  
were o f the K ;- l,  2w, -3, 4w phenotype. Subsequently, i t  was shown th a t red  cells
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o f the McLeod phenotype  also have weak expression o f Ku (K5) and Js^ (K7) 
(S troup et a l,  1965, N unn et a l, 1966). McLeod red  cells lack  the o therw ise 
ub iqu itous red cell Kx an tigen (M arsh et a l, 1975). Red cells w h ich  lack the Kx 
antigen are acan thocytic  in  appearance, i.e. ir re g u la r  in  size and shape w ith  
num erous p ro tru s io n s  ex tend ing  fro m  the  cells. They are c leared fro m  the  
c ircu la tio n  faster than  no rm a l and the person w ith  M^^Leod phenotype is lik e ly  
to  have anaemia, reduced  h a p to g lo b in  levels, increased b i l iru b in  levels and 
splenom egaly.
An an tibody  w h ich  reacted w ith  a ll no rm a l Kell system phenotypes and Kq cells 
was d iscovered in  a d o n o r serum  sample (Claas) (van de r H art e t a l, 1968). 
However, i t  d id  n o t react w ith  the red  cells o f the d o n o r o r  w ith  those o f the 
o r ig in a l McLeod propositus. This an tibody was named an ti-K L  (an ti-K 9 ). A t f irs t 
i t  was unclear how a Kell system an tib ody  cou ld  react w ith  Kq cells, since these 
were know n to  lack a ll Ke ll system antigens. Seven years la te r, i t  was reported  
th a t M cLeod p h e n o typ e  re d  ce lls la ck  the  a n tig e n  Kx and  th a t McLeod 
phenotype in d iv idua ls  can be im m unised and can p roduce  an ti-K x  (M arsh et 
a l,  1975). Ko red  cells express la rge  am ounts o f  the  Kx a n tig en , w h ile  
in d iv id u a ls  w ith  tw o fu lly  fu n c tio n a l genes at the KEL com plex locus produce Kx 
in  sm aller quantities. From  these data, i t  became clear th a t anti-KL and anti-K x 
were n o t o f  the  same spec ific ity , as an ti-K L  was shown to  react equa lly  w e ll 
w ith  a ll cells except those o f the M^^Leod phenotype, regardless o f the presence 
o r absence o f  the gene. Using K q  cells and the a d s o rp tio n /e lu tio n  technique 
i t  was possible to  separate an ti-K x fro m  anti-KL (M arsh et a l,  1975). A  second 
an tibody, an ti-K m  (an ti-K 20 ) was n o t separable fro m  an ti-K L  by adso rp tion  
w ith  Ko red  cells (M arsh, 1979). This a n tib o d y  defines an an tigen  w h ich  is 
present on a ll n o rm a l K e ll system phenotype  cells, b u t w h ich  is absent fro m  
cells o f the K q  and McLeod phenotypes. This suggests th a t p ro d u c tio n  o f Km is 
con tro lled  by a gene at the KEL com plex locus. A n ti-K L was the re fo re  regarded 
as a m ix tu re  o f an ti-K x and an ti-K m  w h ich  cou ld  be separated by  d iffe re n tia l 
adsorption.
The increased  a m o u n t o f  Kx an tig e n  on the  cells o f  hom ozygous o r 
heterozygous ind iv idua ls , by  com parison w ith  cells fro m  in d iv idua ls  who do not 
in h e r it  a gene, allows the d e te rm ina tio n  o f in  the heterozygous state. 
This can be achieved by  t it ra t io n  w ith  anti-Kx against the red  cell samples.
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Comparison o f  an tigen  expression in  Kq and M^^Leod phenotype  red  cells has 
dem onstra ted  the weakened expression o f  Ke ll system  antigens on M'^Leod 
phenotype red  cells, com pared w ith  the com plete lack o f expression o f a ll K e ll 
system antigens on Kq cells (Issitt, 1985).
1.8 .7  In h e r ita n c e  o f  th e  M cL e o d  p h e n o ty p e
An im p o rta n t aspect o f the McLeod phenotype is th a t i t  is con fined  to  males. 
This indicates th a t i t  has an X -linked mode o f inhe ritance  (M arsh et a l, 1975). 
The gene locus m ay be re fe rre d  to  as Xk (Bertelson et a l, 1988, Ho et a l, 1992) 
and the no rm a l allele th a t orders synthesis o f the Kx antigen is X ’k. This allele is 
absent fro m  McLeod pheno type  in d iv id u a ls . Female c a rr ie rs  w i l l  bea r b o th  
no rm a l and McLeod phenotype sons, and bo th  n o rm a l and c a rr ie r  daughters 
depending on the m ate rna l X chrom osom e in h e rite d  (M arsh el a l,  1990). I t  is 
lik e ly  th a t the  KEL gene com plex locus o f McLeod subjects is norm a l, as weak 
Kell system antigens can be detected on McLeod phenotype cells. The m od ified  
expression o f the KEL com plex antigens corre la tes w ith  the  in he ritance  o f a 
v a r ia n t gene at the  Xk locus (M arsh et a l,  1990). It is u n lik e ly  th a t a specific  
in h ib ito ry  e ffect leads to  the m o d ifica tio n  o f the Kell system antigens, b u t the 
gene p resen t at the  Xk locus m ay a ffec t the p ro d u c tio n  o f the  n o rm a l Kell 
p ro te in  o r its in se rtio n  in to  the red  cell membrane. Lack o f  a n o rm a l a lle le  at 
the  Xk locus m ay re s u lt in  in com p le te  b iosynthesis and  processing  o f K e ll 
p ro te in , b u t w o u ld  s t i l l  a llow  the  p ro d u c tio n  o f Kx c a rry in g  p ro te in . The 
synthesis o f  th is  Kx p ro te in  m ay be at an increased level in  Kq in d iv idua ls , as 
there  is a decreased req u ire m e n t fo r  the  cell to  p roduce  the  Ke ll p ro te in  at 
no rm a l levels. This w o u ld  exp la in  w hy Kq cells are Kx pos itive  despite the fac t 
tha t the in d iv id u a l has two s ilen t genes at the KEL com plex locus (M arsh et a l, 
1990).
D e te rm in a tio n  o f  the  expression o f the  McLeod phe no type  m ay be b y  the 
detection o f an ti-K m  o r anti-Kx, o r  by  the detection o f m a rke d ly  weakened red 
ce ll surface antigens o f the  Ke ll b lood  g roup  system d u r in g  ty p in g  tests. A 
strong in d ic a to r to  the McLeod phenotype is the de tec tion  o f  acan thocytic  red 
ce ll m o rp h o lo g y  in  a b lood  smear. I t  is im p o rta n t to  no te  th a t the  McLeod 
p h e n o ty p e  has been l in k e d  w ith  diseases such  as X - lin k e d  c h ro n ic  
g ranu lom atous disease (Van d e r H a rt et a l, 1968). This w i l l  be discussed in  
greater de ta il in  section 1.8.18.
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1 ,8 .8  P o s it io n  e ffe c ts  in  th e  K e ll system
W hen discussing the K e ll b lood  g roup  system it  is necessary to  consider the 
effect o f the presence o f one antigen on others w ith in  the system, i.e. pos ition  
effects. This is re la ted  to  the  in he ritance  o f pa re n ta l gene complexes: cis is 
when a gene com plex encoding two p a rt ic u la r  antigens is in h e r ite d  fro m  one 
parent; trans relates to  the in he ritance  o f a gene com plex encoding one o f the 
antigens fro m  one pa ren t and a gene com plex encoding the  second antigen 
fro m  the  o th e r pa ren t. W hen cons ide ring  possible cis and trans p o s itio n  
effects w ith in  the  KEL com p lex locus, tw o sets o f  f in d in g s  give im p o rta n t 
in fo rm a tio n  rega rd ing  the  p ro d u c tio n  o f K2, K3, K4 and K7. These fin d in g s  
suggest a s im ila r s itua tio n  to  th a t found  in  the Rhesus system, where C in  the 
trans  position  to  D  m ay resu lt in  the phenotype. That is, a weakening o f the 
D antigen m ay occur where C is fo u n d  in  the trans pos ition  (C eppe llin i et a l, 
1955). In  1958 A llen et al. repo rte d  a m arked weakening o f the K2 antigen on 
K :- l, 2, 3, -4 red cells and tha t the expression o f K2 on K :- l,  2, 3, 4 red  cells was 
less than  on K :- l,  2, -3, 4 cells, when tested in  pa ra lle l (A llen  et al., 1958). This 
cou ld  be exp la ined by  assuming th a t K3 in  the trans  o r  cis p o s itio n  to  K2 
results in  a weakening o f the K2 antigen. S im ilar studies have also reported  th a t 
K3 in  trans o r cis to K7 lowers expression o f the la tte r gene (Issitt, 1985).
Evidence was pub lished  w h ich  re in fo rc e d  an e a rlie r obse rva tion  th a t K^ in  
trans  to  a K3 con ta in in g  gene com plex depresses expression o f the genes o f 
th a t com plex (Ford e t al., 1977). These w orkers tested cells o f in d iv id u a ls  who 
were gene tica lly  K2, K3, K7/K2, K3, K7  and K2, K4, K7/K2, K4, K7 in  o rd e r to  
dem onstra te  th a t th is  e ffect was due to  K^ and n o t K3. In  con tras t to  o th e r 
repo rte d  results, these studies showed no effect o f K3 on  K7 o r  K2 expression 
(Issitt, 1985).
B rocteur et al. w orked on a fa m ily  w h ich  appeared to  be heterozygous fo r  K^ 
and found  th a t in  tra n s  to K3 resulted in  reduced p rodu c tion  o f K3. However, 
w hen  K^ was in  trans  to  K4, the  an tigen p ro d u c tio n  a tta in e d  n o rm a l levels 
(B rocteur et al., 1975). Several groups found , fro m  fa m ily  studies, th a t when 
was pa ired  w ith  the K2, K3, K7 com plex the red cells had reduced levels o f K2, 
K3, K5, K7 and K13 (Kaita e t al., 1959, Kout, 1975, Marsh et a l, 1975). W hen K^ 
was in  trans to  the K2, K4, K7  complex, there was no evidence o f reduc tion  in  
any o f the antigen stengths. These results suggest tha t K3 in  trans  o r cis to  K2 
and K7 sometimes causes a reduction  in  the am ount o f K2 and K7 produced. K ^ in
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trans  to  a gene com plex c o n ta in in g  K3 always causes a re d u c tio n  in  the  
expression o f m ost o r a ll o f the antigens encoded by th a t gene com plex. in  
trans  to the K2, K4, K7 com plex has no effect on the genes at th a t complex. No 
in fo rm a tio n  is ye t available as to  the possible trans e ffect o f  on the K l, K4,
K7 o r K2, K4, K6 complexes.
A d d itio n a l pos ition  effects become obvious when some o f the ve ry  com m on Kell 
system re la ted  antigens are taken in to  consideration. For example, cells w h ic h  
are K:-13 are repu ted  to  have weakened expression o f K2, K4, K7, K l l ,  K14 and 
K18 (Marsh et a l, 1974, Marsh, 1976)
1.8 .9  L inkage  a n a ly s is  w i th in  th e  K e ll b lo o d  g ro u p  system
As a lready described, there are a series o f a lle lic  genes in  the Kell b lood  group j
system. These sets o f  alleles are s im ila r to  C and c, and E and e o f the Rhesus |
system. As w ith  the  Rhesus genes, those in  the Ke ll system  show ve ry  close |
linkage  and  crossing over has n o t ye t been detected (Iss itt, 1985). Several !
th e o re tic a lly  possible gene complexes have n o t been encountered in  the Kell 
b lood g roup  system. In  each o f the  know n alle le sets, one alle le is always ve ry  ;
m uch  less fre q u e n t th a n  the  o the r. For example, h ig h  fre q u e n c y  antigens 
inc lude  K2, K4, K7 and K l l  whereas K l,  K3, K6, K IO  and K17 are m uch less 
frequent. Since K IO  is rare, i t  is lik e ly  tha t its a lle lic  p a rtn e r (when found), w i l l  
be ve ry  common.
The m ost com m on com b ina tion  o f alleles is K: 2, 4, 7, 11. Gene com bina tions 
w h ich code fo r  one o f the less fre q u e n t antigens encode o n ly  a single antigen.
T ha t is, a gene com plex w h ich  codes fo r  the p ro d u c tio n  o f any tw o o f the 
antigens K l,  K3, K6, K IO  and K17 has no t been described. I t  has been suggested 
th a t the com plex K2, K4, K7 represents the o r ig in a l KEL gene and th a t K l, K3 
and K6 each represent m uta tions (Chown, 1964). The existence o f two o f the less i
fre q u e n t genes w o u ld  represen t a doub le  m u ta tio n  and w o u ld  th e re fo re  be 
extrem ely rare. S u ffic ien t fa m ily  studies have already been pe rfo rm ed  to  expect 
at least one o f the u n id e n tifie d  gene complexes to  have been discovered. The 
reason they have no t m ay be th a t when m ore than  one o f  the genes K l, K3, K6,
K l 0 or K17 are present on a single chrom osom e, o n ly  one o f them  can be 
expressed as a recogn isab le  an tigen ic  de te rm inan t. A lte rn a tiv e ly , the  genetic 
m a te ria l m ay be unable  to  cope w ith  two m uta tions at the  same locus. Blood 
samples show ing expression o f tw o o f the three antigens K l,  K3 and K6 have
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been reported , b u t on every occasion these antigens were the p roducts  o f genes 
on d iffe re n t alleles.
Absolute linkage p rov ided  the key to  the designation o f U l^  (KIO) and W k^ (K17) 
to  the Kell system (F uruh je lm  et a l, 1969). It was found  th a t K : l,  2, 10 samples 
were always a p roduc t o f the genotype K1/K2, KIO. That is, o n ly  one o f K l o r KIO  
can be in h e rite d  fro m  one paren t. Therefore , i t  is possible th a t K l is at one 
sublocus on the  chrom osom e and K2 and KIO  are at ano the r. I f  KIO  had no t 
been at the  KEL com plex locus and, i f  independen t segregation o f KEL genes 
occurred, then  a n o rm a l M ende lian d is tr ib u tio n  w o u ld  be expected. However, 
100% o f the  samples tested were e ith e r K :l, -10  o r  K :-l, 10. Fam ily  studies 
revealed th a t K17 is at the KEL com plex locus and trave ls w ith  K2 (Strange et 
a l, 1974).
1 .8 .1 0  B io c h e m is try  o f  K e ll sys tem  a n tig ens
Early evidence suggested th a t b o th  p ro te in  and sugar are in v o lv e d  in  the 
antigen ic a c tiv ity  o f the Kell b lood  g roup system. Branch et al. concluded from  
th e ir  results th a t two d is tinc t d isu lph ide  bonds are re q u ire d  fo r  m aintenance o f 
Ke ll b lood  g roup  antigens (Branch et a l, 1983). Kell p ro te in  on red  cells is in  a 
fo ld e d  c o n fig u ra tio n  he ld  in  p o s itio n  by  in tra -  cha in  d isu lp h id e
bonds. I t  is p robab le  th a t b o th  the  fo ld in g  o f the  p ro te in  and the  l ip id  
e n v iro n m e n t o f  the  red  ce ll m em brane are im p o r ta n t in  m a in ta in in g  the  
co rre c t co n fo rm a tio n  fo r  the p resen ta tion  o f Ke ll an tigen ic  de te rm inan ts  on 
the cell surface.
Iso la tio n  o f  K e ll p ro te in  has been ach ieved by se n s itisa tio n  o f re d  cells 
expressing "no rm a l" Kell system antigens w ith  Kell re la ted  antibodies (Redman 
et al., 1984, Wallas et al., 1986). These sensitised red cells were solubilised and the  
a n tig e n -a n t ib o d y  com plexes re m o v e d  fro m  th e  m ix tu re  b y  a f f in i t y  
ch rom atography using Prote in-A  o r a second an tibody bound to  a gel f i lt ra t io n  
m a tr ix . Th is process is re fe rre d  to  as im m u n o p ré c ip ita t io n  and the  eluted 
im m une  com plexes can th e n  be reso lved  using sod ium  dod ecy l su lphate  
po lyacry lam ide  gel e lectrophoresis (SDS PAGE). U nder reduc ing  cond itions, th is  
techn ique generates bands w h ich  re la te  to  the heavy and lig h t chains o f the 
an tibody  and a Kell an tigen-carry ing  93 kDa p ro te in , a fte r app rop ria te  s ta in in g  
procedures have been pe rfo rm ed . Several d iffe re n t a n tib o d y  specific ities have 
been used to  isolate th is  p ro te in  (a n ti-K l, K2, K4, K5, K7, K12, K13, K14, K19, K22
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and K23) (Redman et a l, 1984, Redman et a l, 1986, Wallas et a l, 1986, M arsh et 
a l,  1987). This suggests th a t a lm ost a ll o f  the h ig h  inc ide nce  K e ll re la te d  
antigens are carried  on the same 93 kDa p ro te in , in d ica ting  th a t they m ay a ll be 
p roducts o f the KEL gene. This 93 kDa p ro te in  was found  to  sta in  by the period ic  
ac id -S ch iff techn ique, dem onstra ting  the g lycop ro te in  n a tu re  o f  the antigens 
(B ranch et a l, 1983, Redman et a l, 1984).
Treatm ent o f  the iso lated p ro te in  w ith  N-glycanase resu lted  in  a re d u c tio n  in  
apparent m olecu lar mass fro m  93 kDa to  78-80 kDa. This suggests th a t five  o r  six 
N -linked  o ligosaccharide side chains are a ttached to  the ce ll surface exposed 
p o r t io n  o f the  p ro te in , assum ing th a t one oligosaccharide side cha in  has an 
average m olecu lar mass o f 2.5 kDa (Redman et a l, 1986).
W hen the im m une  complexes were separated und e r non -reduc ing  cond itions, 
two p ro te in  bands o f estimated m olecu lar mass 85 kDa and 115 kDa were detected. 
These data suggest th a t the Ke ll p ro te in  m ay be com plexed w ith  one o r m ore 
o the r m em brane constituents on the red  cell.
In  one study, qua n tita tive  experim ents using anti-K7, anti-K22 and a m ix tu re  o f 
bo th  were perfo rm ed. The results ind ica ted  th a t b o th  an tigen spec ific ities  are 
present on the same m olecule (Redman et al., 1984). A nother re p o rt showed tha t 
a n t i“K7 and a n t i- K l4 cou ld  o n ly  im m u n o p re c ip ita te  a detectable rad ioactive  
band at 93 kDa fro m  K:7, 14 cells and n o t fro m  Kq cells, c o n firm in g  the  
co rre la tio n  between th is  p ro te in  band and the Kell com plex p ro te in  (Redman et 
a l,  1986). It was also dem onstrated tha t chym o tryp tic  and try p t ic  peptide maps 
o f the Kell p ro te in  and Band 3 p ro te in  were m arked ly  d iffe re n t (Redman et a l, 
1986). This s trong ly  suggests tha t the Kell p ro te in  and Band 3 p ro te in , the m a jo r 
red  ce ll m em brane p ro te in , are d iffe re n t p ro te ins  despite th e ir  s im ila r ity  in  
size. Fu rthe r co n firm a tio n  o f th is  was obta ined when Ke ll p ro te in  was analysed 
using a sheep a n tib ody  to  a 43 kDa fragm ent o f hum an Band 3. The an tibody 
reacted on ly  w ith  Band 3 p ro te in  and n o t w ith  Kell p ro te in  by  W estern b lo t 
analysis. A n o th e r im p o rta n t fa c to r is th a t Band 3, b u t n o t the Kell p ro te in , is 
phosphory la ted  when cells are incubated w ith  ATP (Redman et al., 1986).
I t  has re c e n tly  been suggested th a t i t  is u n lik e ly  the  o ligosaccharide  side 
chains p lay  a m a jo r p a rt in  the  de te rm ina tion  o f the sp e c ific ity  o f any o f the 
Kell system antigens, a lthough  they  m ay have some invo lvem en t (M arsh et a l, 
1990, M urp hy  e t a l, 1993). The co n fo rm a tio n  o f the an tigen m olecu le on the
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m em brane is im p o rta n t in  m a in ta in in g  its  a n tig en ic ity . Th is is re in fo rce d  by 
the fac t th a t Ke ll p ro te in , iso la ted  un d e r reduc ing  cond itions, does no t react 
w ith  antibodies d irec ted  against Ke ll system antigens when the p ro te in  is bound 
to  n itroce llu lose  paper and analysed by  the W estern b lo t techn ique (Redman et 
a l, 1986).
Im m u n o p ré c ip ita t io n  expe rim en ts  using a n ti-K x  an tise ra , re s u lte d  in  the  
iso la tion  o f a p ro te in  o f estim ated mass 37 kDa w h ich  carries the Kx antigen 
(M arsh  e t ah, 1990). Q u a n tita tive  ra d io la b e llin g  experim ents re in fo rc e  the  
evidence th a t Ko red  cells y ie ld  h igh  levels o f Kx, b u t McLeod phenotype red  
cells y ie ld  none (Redman et al., 1986) (sections 1.8.5-1.8.7).
1 .8 .11 In te ra c t io n  o f  genes a t th e  KEL  and M cL eo d  lo c i
As discussed ea rlie r (section 1.8.5), the Kell phenotype detectable on the surface 
o f red  b lood  cells m ay be a resu lt o f  an in te ra c tio n  between p roducts  o f two 
independent genes; an autosom al gene located on chrom osom e 7q33 and an X- 
linked  gene on the short arm  o f the X-chromosome at Xp21 (Ho et ai., 1992, Lee et 
ai., 1993). The 93 kDa Kell p ro te in  is encoded by the autosom al gene w h ile  the X- 
lin ke d  gene encodes a 37 kDa p ro te in  ca rry ing  the Kx antigen (Redman et a l, 
1988). This X-linked gene has been re fe rred  to  as Xk. The ro le  o f the Xk gene in  
re la t io n  to  K e ll a n tig e n  exp ress ion  is u n kn o w n , b u t i t  is a lre a d y  w e ll 
established tha t the absence o f the Kx antigen is lin ke d  to  a m arked weakening 
o f no rm a l Kell system antigens. It is possible tha t an in te rac tio n  o f the two gene 
p roducts  is requ ire d  fo r  the tw o p ro te ins  to  assume the co rrec t loca tion  in  the  
plasma membrane. Lack o f  the Kx p ro te in  in  the red  cell m em brane presents an 
acanthocytic cell m orpho logy (section 1 .8 .6 ).
1 .8.12 The KEL  lo cus
Recent w o rk  has p robe d  m ore  deep ly  in to  the genetic locus encod ing  Kell 
system  antigens. Z e linsk i et al. have p u b lish e d  w o rk  w h ic h  shows genetic 
linkage between the  Kell b lood  g roup  system and p ro la c tin  in d u c ib le  p ro te in  
(PIP) loci, and have p ro v is io n a lly  assigned KEL to chromosome 7 (Zelinski e t a l, 
1991 a). They suggest a s im ila r assignment fo r  KEL as fo r  P IP  at 7q32-q36. These 
results were established th ro u g h  fa m ily  studies. This w o rk  d isproved an ea rlie r 
assignm ent o f  KEL to  chrom osom e 5 (Leppert e t a l,  1987). It has also been 
suggested th a t the lo ca tio n  o f the KEL locus on chrom osom e 7 is d is ta l to  the
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cystic fib ros is  locus (P u rob it et a l,  1992). Data w h ich  has arisen as a resu lt o f 
th is  p ro je c t de fined  the lo ca tio n  o f the gene encoding the  Ke ll p ro te in  m ore 
closely on chrom osom e 7 to  7q33-q35 (M u rp h y  et a l ,  1993). A  sim ultaneous 
pub lica tion  defined the loca tion  as 7q33 (Lee et al., 1993).
Genetic assignm ent o f  KEL depends on the a v a ila b ility  o f a K e ll specific DNA 
p robe  fo r  h y b r id iz a tio n  to  hum an chromosomes. W ith  fo reknow ledge o f the 
cDNA sequence o f KEL (and hence the  Ke ll am ino acid  sequence) a su itab le  
o ligonuc leo tide  KEL p robe was designed fo r  h y b r id iz a tio n  studies and used to 
iso late the fu l l  leng th  KEL fro m  a hum an cDNA lib ra ry  (e.g. bone m arrow  Xgt 
10) (Lee et al., 1991). PGR m ay also be used fo r  a m p lifica tio n  o f KEL spec ific  
sequences fro m  hum an cDNA lib ra ries, o r fro m  cDNA m anu factu red  fro m  RNA 
iso la ted  fro m  in d iv id u a ls  o f  know n  K e ll pheno type . The a p p lic a tio n  and 
usefulness o f PGR techn iques in  trans fus ion  science are discussed in  section 
1.2.2.
The re p o rte d  resu lts  o f  h y d ro p a th y  analysis o f the  p re d ic te d  am ino  acid 
sequence o f the Ke ll p ro te in  suggest th a t i t  has one m em brane spanning re g io n  
fro m  am ino acids 48-67 (Lee e t a l, 1991) (Figure 1.5). The 47 am ino acids at the 
N -te rm in a l end are h y d ro p h ilic  and are p red ic ted  to  be cytop lasm ic. The N- 
te rm in a l end is b locked by py rog lu tam ic  acid and cannot be sequenced fo r  th is 
reason. Im m ed ia te ly  adjacent to  the m em brane spanning region, the p red ic ted  
cytop lasm ic dom ain  is m arked by  a p a ir  o f a rg in ine  residues and the re  is a 
nega tive  ne t charge d iffe re n ce  between residues on the  o u te r and  in n e r  
(cytop lasm ic) side o f the pu ta tive  m em brane spanning reg ion . These w orkers 
c o n firm e d  th a t th e re  are s ix  N -g lyco sy la tio n  sites on the  p ro te in .
The p u ta tiv e  ex tra ce llu la r 
dom ain  also has a p e cu lia r am ino  acid sequence w h ich  allow s the  b in d in g  o f 
zinc atoms i.e. a "z inc fin g e r" (Lutz et al., 1992). This suggests th a t the Kell 
g lycopro te in  m ay be d is tan tly  re lated to  the zinc m eta lloprotease fam ily . In  the 
e x tra c e llu la r  segm ent o f  the  p ro te in , a t am ino acid residues 581-612, tw o 
ove rla p p in g  le uc in e -z ip p e r like  regions have been id e n tif ie d  (Redman et a l, 
1993).
A recent re p o rt describes the organ isa tion  o f the KEL gene. The com plete gene 
spans 21.5 kb, conta in ing 19 exons (o r coding regions). These 19 exons re late to  
the 731 am ino acid  p ro te in  sequence (Lee et a l,  1995 b). The in te rv e n in g  
in tro n s  (o r non-cod ing  regions) m ust constitu te  about 19 kb  o f gene sequence
F igu re  1.5 D ia g ra m m a tic  re p re s e n ta t io n  o f  th e  K e ll p ro te in
D iagram m atic rep resen ta tion  o f the  K e ll p ro te in  il lu s tra tin g  the  presence o f 
carbohydrate side chains, cysteine residues, and a rg in ine  residues w h ich  m a rk  
the start o f the m em brane spanning dom ain. The p ro te in  is 732 am ino acids in  
length. The in tra ce llu la r dom ain comprises the f irs t  47 am ino acids, am ino acids 
48 to 67 constitute the single m em brane spanning reg ion  and the rem a inde r o f 
the am ino acid sequence is e x tra ce llu la r. The N te rm in a l end is b locked  b y  









am ino acid 67




denotes cysteine residue 
denotes carbohydra te  side chain 
denotes p a ir o f a rg in ine residues
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as the KEL cDNA is know n to  be app rox im a te ly  2.4 kb in  length . The pu ta tive  
m em brane spanning reg ion  o f the p ro te in  is encoded in  exon 3 and the zinc 
b ind ing  site reg ion is encoded in  exon 16.
1 .8 .13  K e ll a n tig e n  c o p y  n u m b e r
Kell system antigens have been stud ied q u a n tita tiv e ly  using labe lled  an ti- 
K l.  I t  was estim ated th a t K : l,  -2 cells have approx im ate ly  6000 K l sites per ce ll 
and K : l,  2 cells have app rox im ate ly  3500 K l sites pe r ce ll (Hughes-Jones et a l, 
1971). The num be r o f K2 sites on bo th  homozygous and heterozygous cells is 
though t to  be between 2000 and 5000 sites p e r cell. Ke ll system antigens have 
few er antigen sites on the red  ce ll m em brane than  those o f any o the r m a jo r 
b lood  g roup  system fo r  w h ich  data are available. This is n o t re flec ted  in  the  
im m u n o g e n ic ity  o f the antigens themselves, as the co rrespond ing  antibodies 
give s trong a g g lu tin a tion  and are o ften  o f h igh  t itre . Thus, Ke ll b lood  g roup  
antigens are extrem ely im m unogen ic g iven th e ir  low copy num ber.
1 .8 .1 4  C h e m ica l m o d if ic a t io n  o f  K e ll system  a n tig e n s
It is possible to use chemicals to denature the Kell antigenic structures and thus 
m o d ify  the cells w ith  respect to  antigen expression. It has been shown tha t bo th  
in c u b a tio n  o f cells in  fo rm a ld e h yd e  s o lu tio n  and tre a tm e n t o f  cells w ith  
s u lp h y d ry l com pounds cause in a c tiv a tio n  o f K e ll system antigens (B ranch et 
a l,  1983). Treatm ent o f  in ta c t cells w ith  2 -a m in o e th y liso th io u ro n iu m  b rom ide  
(AET) effects the  com ple te  in a c tiv a tio n  o f a ll know n K e ll system  an tigen ic  
de te rm inan ts , m ak ing  the  cells n o n -re a c tive  w ith  an tib o d ie s  w h ich  de fine  
these antigens (A dvan i et a l,  1982). A r t if ic ia l p ro d u c tio n  o f Kq cells is thus 
achieved. AET trea tm en t also increases the  leve l o f Kx an tigen  on the  cells 
(Issitt, 1985). These find ings suppo rt the theo ry  th a t Kx m ay be the m em brane 
p ro te in  to  w h ich  Kell system antigens are attached. In  cells o the r than  K q , the 
presence o f  Ke ll system antigens m ay b lock  the access o f a n ti-K x  to  the  Kx 
d e te rm in a n t, re s u lt in g  in  a weak h a e m a g g lu tin a tio n  re ac tion . As the  AET 
removes the Kell system antigens the Kx antigens m ay become m ore accessible 
to  an ti-K x and the reaction  s treng th  w o u ld  increase accord ing ly . The a b ility  to 
create Kq cells a r t i f ic ia l ly  is o f  great advantage w hen s tu d y in g  K e ll system 
re la ted  au toan tibod ies , w h ich  cause w arm  au to im m une  hae m o ly tic  anaemia. 
AET, as expected, removes weak Ke ll system antigens fro m  McLeod phenotype 
red  cells. I t  has also been shown to  inactiva te  the Km antigen, w h ich  is lack ing
4 3
fro m  McLeod cells b u t no t fro m  any o the r cells. This f in d in g  was evidence th a t 
the Km gene resides at the KEL com plex locus, un like  the Kx gene.
AET can be extrem ely use fu l when assignment o f new low  frequency  antigens 
to  the Kell system is an issue. I f  the "new" antigen can be in ac tiva ted  by AET, 
then  th is  p rov ides an in d ic a tio n  th a t the antigen m ay reside w ith in  the Kell 
b lood group system.
A n o th e r reagent, ZZAP, w h ich  is a m ix tu re  o f d ith io th re ito l (DTT) and papain, 
also destroys Kell system antigens on in tac t red b lood cells (B ranch e t aJ., 1982). 
Again, as the  Kell system antigens are rem oved, the a m oun t o f detectable Kx 
antigen increases. ZZAP, u n like  AET, does no t denature the Km  antigen. W hen 
the constituen ts  o f ZZAP are used separa te ly, the K e ll an tigen  is in a c tiva te d  
o n ly  w hen the  cells are in cu b a te d  f ir s t  w ith  DTT and  th e n  w ith  p a p a in  
(Savalonis e t ai., 1988). This m ay suggest tha t the ou te rm ost s truc tu re  o f the 
p ro te in  responsib le  fo r  an tigen ic  a c tiv ity  is m a in ta ined  by d isu lp h ide  bonds 
w h ich  conceal the papa in  sensitive sites. Therefore, DTT m ust be used f ir s t  to 
cleave these bonds before papa in  can act on the p ro te in  responsib le  fo r  Kell 
ac tiv ity . I t  has been suggested th a t K6  and K7 antigens are d iffe re n t fro m  o the r 
Kell system antigens on the basis o f th e ir  sens itiv ity  to  DTT trea tm en t (Branch 
ef a l ,  1983). These two antigens are denatured by 1 to 2m M  DTT, whereas o ther 
Ke ll system  antigens re q u ire  200m M  DTT fo r  com ple te  d é n a tu ra tion . These 
results ind ica te th a t K6  and K7 antigens m ay be located on a d iffe re n t antigen ic 
domain.
1-8 .15  K e ll a n tig e n s  in  o th e r  species
K e ll " like " antigens are n o t exclusive to  hum an red b lood  cells, a lthough  they 
have been shown to  be absent fro m  hum an plate lets, lym phocytes, m onocytes 
and granu locytes  (Jaber et aL, 1991). One recent re p o rt details N o rthe rn  b lo t 
analysis o f va rious hum an tissues using a KEL specific p robe and th is  suggests 
th a t KEL mRNA is p resen t o n ly  in  e ry th ro id  tissues (Lee et a l ,  1993). 
Chimpanzee red  b lood  cells have a Kell system very  s im ila r to  th a t o f hum ans 
w ith  respect to  an tigen ic spec ific ity . The m ost s ig n ifica n t d iffe rence  between 
the  tw o is the  size o f the  m em brane  g ly c o p ro te in  c a rry in g  the  an tigen ic  
determ inants. The hum an determ inants are carried  on a 93 kDa p ro te in  whereas 
the chim panzee vers ion  is ca rried  on a p ro te in  o f estim ated m olecu lar mass o f 
97 kDa (Brendel et al., 1985). This d ifference is due to  increased g lycosy la tion  o f
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the chim panzee Ke ll p ro te in . I t  has also been no ted  th a t chim panzee Band 3 
p ro te in  m igrates w ith  a s lig h tly  h ighe r p red ic ted  m o lecu la r mass than  hum an 
Band 3 by SDS-PAGE. This suggests there m ay also be heav ie r g lycosy la tion  o f 
th is  p ro te in  in  the prim ates. There are no reports  o f K e ll- like  red cell antigens 
in  o the r ve rtebra te  species.
Bacteria have the a b ility  to  express an tigen ic  de te rm inan ts  w h ich  m im ic  Kell 
b lood group system antigens. This was discovered when in d iv id u a ls  were shown 
to  p roduce  a n t i-K l an tibod ies w ith  no evidence o f p re v io u s  tra n s fu s io n  o r 
pregnancy. I t  was fo u n d  th a t im m un isa tion  was by way o f a K e ll- like  an tigen  
on E. coli 0125:K70 (B15) (Marsh e t a l, 1990). It has been re po rte d  th a t E. coli 
0125:B 15 s u b typ e  12808 has sp e c ific  K l- l ik e  a c t iv ity  w hen tes ted  b y  
h a e m a g g lu tin a tio n  in h ib it io n  (Savalonis et a l ,  1988). S p ringe r e t a l  had  
p rev io us ly  shown th a t m icroorganism s m ay express antigens s im ila r to  th a t o f 
hum an b lood  groups and can stim u la te  the fo rm a tio n  o f  n a tu ra lly  o c c u rr in g  
a lloan tibod ies  (S pringer e t a l,  1961). The absence o f K l- l ik e  a c tiv ity  in  a ll bu t 
th is  single E. coli subtype re la tes to  the ra r i ty  o f n a tu ra lly  o ccu rr in g  non- 
im m u n e  a n t i-K l a n tib od ies . Savalonis e t a l  showed th a t th is  a n tig e n ic  
de te rm in a n t can o n ly  be detected on d is rup te d  organ ism s (Savalonis et a l, 
1988). Therefore , processing o f an in ta c t organ ism  by phagocytosis, and its  
subsequent des truc tion  is lik e ly  to  be a necessary stage in  the  fo rm a tio n  o f 
n a tu ra lly  o ccu rring  antibodies.
1 .8 .16  K e ll re la te d  a n tib o d ie s  in  v ivo
The p rodu c tion  o f antibodies is essential fo r  the d e fin it io n  and id e n tif ic a tio n  o f 
Ke ll antigens. A n ti-K l is a persisten t an tib ody  p roduced  m a in ly  in  response to 
an an tigen  pos itive  b lood  tra n s fu s io n  o r foe tom a te rna l bleed. A n tibod ies  to  
o th e r K e ll system  antigens are less com m on due to  the  v e ry  h igh  o r low  
incidence o f these antigens. Anti-K 3 and an ti-K 6  are made less fre q u e n tly  than 
a n ti-K l, p u re ly  as a resu lt o f  the  low  frequency o f the antigens. A n ti-K 2, an ti- 
K4 and anti-K7 are also ra re  antibodies. When anti-K2, an ti-K 4  and anti-K7 do 
arise, p rov is ion  o f com patib le  b lood fo r  transfusion can be d if f ic u lt  and su itab le  
frozen b lood  m ay be requ ire d . There is re la tiv e ly  l i t t le  in fo rm a tio n  availab le 
regard ing  the a c tiv ity  and c lin ica l s ignificance o f a llo im m une  a n ti-K l 1, -K12, 
-K13, -K14, -K18, -K19 o r -K22. Therefore, the decision to  transfuse com patib le 
b lood  m ay be m ore d iff ic u lt.  A n tibod ies  specific fo r  some o f  the com m on Kell 
system antigens can occasiona lly  be au to im m une in  n a tu re  and can cause in
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v ivo  re d  ce ll des truc tion  and haem o ly tic  anaemia. A n t i-K l can cause severe 
HDN, b u t the disease is generally m ild  com pared to  tha t caused by anti-Rhesus D. 
HDN can also be caused by  an ti-K 3 , an ti-K 4 , a n ti-K 6  and  an ti-K 7 . A case 
resu lting  fro m  the presence o f anti-K5 m erited  exchange trans fus ion  due to  its 
severity (H ardy et al., 1981). Since m ost o f the Kell system antibod ies defined to  
date have a considerable a b ility  to  clear an tigen  p os itive  red  cells fro m  the 
c irc u la tio n , tra n s fu s io n  o f an tigen  negative b lood  to  im m un ised  pa tien ts  is 
practised by  m ost clin ic ians. The expression o f Kell system antigens starts about 
week 1 0  o f foe ta l life  and also begins early  in  red cell m a tu ra tio n , at the early  
e ry th rob las t stage in  adults (Marsh e t al., 1990).
1 .8 .17  K e ll re la te d  a n tib o d ie s  in  v itro
M onoclona l an tibod ies  have been described w h ich  are specific  fo r  the  Kell 
system antigens K l,  K2 and K14 (Parsons et a l,  1982, Sonneborn et a l, 1983, 
N ichols e t al., 1987, Jaber et al., 1989, Jaber et al, 1991). These are m a in ly  mouse 
m o n o c lo n a l a n tib o d ie s  p ro d u c e d  by  fu s io n  o f  th e  sp leen  ce lls  f ro m  
hyperim m unised m ice to  a mouse m yelom a cell line. The im m unogens in  every 
case were na tive  o r  pap a in -tre a te d  in ta c t re d  b lood  cells. A hum an a n ti-K l 
m onoclona l an tibody  has been described (Jaber e t al., 1989). This was produced 
by  tra n s fo rm in g  a B -lym phocyte  ce ll lin e  secreting a n t i-K l w ith  Epstein Barr 
V irus. This allows con tinuous cu ltu re  o f these cells in vitro  and th e y  can be 
fused to  a su itab le  ce ll lin e  to  increase s ta b ility  and to  fa c ilita te  con tinuous 
cu ltu re  o r storage.
The use o f  such m o n o c lo n a l a n tib o d ie s  has p ro v e d  b e n e fic ia l in  the  
investiga tion  o f the spatia l organ isation o f Kell system antigens on the p ro te in , 
by use o f a technique know n as the MAIEA assay (m onoc lona l an tibody-spec ific  
im m o b ilis a tio n  o f  e ry th ro c y te  antigens) (Petty et al., 1994). M onoclona ls  o f 
p rede te rm ined  specific ities are used in  a com petitive  b ind ing  assay w ith  hum an 
po lyc lona l antibodies. The results o f th is  type o f assay y ie ld  va luable in fo m a tio n  
regard ing  the re la tive  positions o f Kell system antigens on the  fo lded  p ro te in . 
The MAIEA assay was used to  de term ine the close p ro x im ity  o f  the K12 antigen 
to  the K /k  and Js^/Js^ antigens on the Kell p ro te in  (Reid et a l, 1995).
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1 .8 .18  Disease assoc ia tions  and  th e  K e ll system
As stated b r ie f ly  ea rlie r, disease associations exist w ith  respect to  some Kell 
re la ted  phenotypes. The m ost extensive ly docum ented associa tion is McLeod 
phenotype, the  in tricac ies  o f w h ich  have already been discussed, and X -linked 
chron ic granulom atous disease (CGD). Van der H art et al. revealed a recurrence 
o f severe bacte ria l in fec tions in  people o f McLeod phenotype  and i t  was la te r 
shown th a t there is an association between McLeod phenotype and X-linked CGD 
(Van de r H a rt et al., 1968). In  X -linked  CGD, the pa tie n t's  granu locytes can 
phagocytose bac te ria  b u t canno t k i l l  them . This resu lts  w hen the  p a tie n t's  
phagocytes fa il to  generate superoxide and o the r activa ted  oxygen deriva tives 
on inges tion  o f m icrobes. A cons is ten t f in d in g  is the  absence o f the  haem  
spectrum  derived  fro m  a cytochrom e b (Royer-Pokora et al., 1986, Thrasher et 
al., 1994). The way in  w h ich  th is  association presents its e lf is as fo llows. The Kx 
antigen is present on bo th  red  cells and granulocytes. W hen Kx is present on 
the red  cells, autosom al Kell system genes are expressed n o rm a lly . However, 
the absence o f the Kx antigen on red cells causes a w eakening o f  the  red  ce ll 
surface K e ll system  antigens, re s u lt in g  in  McLeod p heno type . W hen Kx is 
present on granu locytes they  fu n c tio n  no rm a lly , bu t when Kx is m issing they 
cannot destroy bacteria  and X -linked CGD m ay occur. I t  shou ld  be noted tha t X- 
linked  CGD and McLeod phenotype is no t an absolute re la tio n sh ip . A co n d itio n  
know n as ch ron ic  granu lom atous disease w h ich  is n o t X -linked  has also been 
iden tified . In  th is  case, the granu locytes ca rry  no rm a l levels o f  the Kx antigen 
and the inheritance  o f  the d iso rde r invo lves a recessive autosom al gene. There 
is no linkage between McLeod phenotype and th is  fo rm  o f the disease. Samples 
o f b lood  fro m  u n re la ted  McLeod in d iv id u a ls  have been show n to  e x h ib it a 
chrom osom al deletion at about 500 kb towards the p te r  side o f the CGD locus on 
the X-chromosome at Xp21 and i t  is assumed tha t the  Xk locus is w ith in  th is  
de le tion  (Franeke et al., 1985, Ho et al., 1992). Other associations between McLeod 
phenotype and disease states have been iden tified . These inc lude  diseases such 
as re tin it is  p igm entosa, Duchenne type  m uscu la r dys tro p h y , ca rd io m yo pa thy  
and neuro log ica l disorders. The lik e ly  reason fo r  these lin ks  is th a t the disease 
lo c i are found  on the X-chromosome in  the v ic in ity  o f the M^^Leod locus.
1 .8 .19  W eakened K e ll sys tem  a n tig e n s
T e m p o ra ry  w eakening o f a ll the K e ll system  antigens can be an acqu ired  
c o n d it io n  and m ay re s u lt in  the  an tigens be ing  a lm ost unde tec tab le  by
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haem agglu tina tion  tests. As a result, the cells m ay be w rong ly  typed  as K q . Each 
case o f th is  co n d itio n  has been associated w ith  the p ro d u c tio n  o f a Ke ll system 
specific au toan tibody  (Seyfried e t ai., 1972, Beck e t ai., 1979, Marsh et ai., 1979, 
M anny  e t ai., 1983, Brendel e t ai., 1985, Marsh e t ai., 1990). Some o f  these 
autoan tibod ies have b road  sp e c ific ity , reacting  w ith  a ll except Kq cells. The 
on ly  way to  ascertain sero log ica lly tha t cells fro m  these in d iv id u a ls  are n o t the 
p ro d u c t o f  a geno type  is to  de tect th is  a u to a n tib o d y  in  the  serum .
W eakening o f Kell antigens is rare, b u t when i t  does arise m ost o f the detectable 
autoan tibod ies are a n ti-K l- l ik e  in  spec ific ity  and have been p roduced  w ith o u t 
any know n antigen ic  stim ulus. The m echanism  w hereby the antigen s tre n g th  
is reduced is unknow n. One u n lik e ly  poss ib ility  is th a t a de novo m o d ifica tio n  
occurs d u rin g  the biosynthesis o f the Kell p ro te in , o r  d u rin g  its in co rp o ra tio n  
in to  th e  re d  ce ll m em brane. A lte rn a tiv e ly , i t  m ay be a re s u lt o f  a n tig e n  
a lte ra tio n  on the red  ce ll surface b y  an e x tra c e llu la r enzym e, poss ib ly  o f 
m ic rob ia l o rig in , such as a glycosidase, a protease o r a reductase.
Two cases have been re p o rte d  w h ich  give a clue to  the  w eakening o f K e ll 
system  antigens (V eng len -T y le r et a l ,  1987). In bo th  cases, the p a tie n t was 
transfused w ith  red  cells w h ich  had the same Kell pheno type  b u t a d iffe re n t 
Rhesus phenotype  to the pa tien t's  own cells. Samples o f b lood  were taken at 
in te rva ls  over several weeks and the  red  cells were separated by d iffe re n tia l 
a g g lu tin a tio n  using Rhesus antisera. This established th a t the transfused red 
cells re ta ined  th e ir  Rhesus antigens, b u t th a t there was a progressive decrease 
in  the im m u n o re a c tiv ity  o f  the Kell system antigens present. This m ust re flec t 
the a c tiv ity  o f an agent present in  the pa tien t's  plasma. Five m onths a fte r the 
in it ia l tests, the Ke ll re la ted  an tib ody  w h ich  had been present in  the pa tien ts ' 
plasma had disappeared and the Kell system antigens on the red  cells re tu rne d  
to  no rm a l strength .
In a s itua tion  where the pa tie n t has anaem ia and has an au toan tibody  w h ich  is 
spec ific  fo r  a h ig h  inc idence  an tigen  w ith in  the  K e ll b lo o d  g roup  system, 
trans fus ion  o f incom patib le  b lood  can re su lt in  a severe hae m o ly tic  reaction . 
This m ay resu lt in d ire c tly  fro m  the weakening o f the pa tien t's  own Kell system 
antigens in  o rd e r to  p ro te c t them  fro m  the hae m o ly tic  consequences o f the 
serum  autoantibody. Therefore, i t  is im p o rta n t to  transfuse com patib le  red cells 
to  patients in  th is  s itua tion . F ind ing com patib le  b lood  fo r  tran s fus ion  in  such 
cases m ay p rove  d if f ic u lt  and the p a tie n t m ay have to  be transfused  w ith  Kq
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blood. Fortunately, the m a jo rity  o f cases o f th is  type do n o t cause accelerated in  
vivo  red cell destruction  and, therefore, do no t requ ire  transfusion.
1 .8 .2 0  A n o th e r  ra re  p h e n o ty p e  in  th e  K e ll system
There  is an a d d it io n a l ra re  p h e n o ty p e  in  w h ic h  th e  K e ll an tigens have 
p e rm a n e n tly  w eak exp re ss io n . I n i t ia l ly  th is  m a y  re se m b le  Ko, b u t  
a d so rp tio n /e lu tio n  studies have shown the presence o f weak K5 and o the r Kell 
system  an tigens. Some in d iv id u a ls  o f  th is  p h e n o ty p e  can p ro d u c e  an 
a lloan tibody  w h ich  resembles a n ti-K 5 as a resu lt o f tran s fus ion  o r pregnancy. 
This is m is lead ing  w hen id e n t ify in g  the  re d  ce ll pheno type  and m ay p o in t 
towards the Kq phenotype, as these cells also have an enhanced reac tion  w ith  
anti-Kx. This type  o f weakening o f  Ke ll system antigens persists ove r several 
years and appears to  be in he rited , a lthough  the m echanism  is unknow n. This 
phenotype is re fe rred  to  as Km od (Marsh et aJ., 1987).
1 .8 .21  C o nc lu s ions  on  the  K e ll b lo o d  g ro u p  system
A great deal has ye t to be learned about the genetics o f the  Kell system and the 
b io ch e m is try  o f  the  antigens them selves. I t  is hoped th a t m ore m u rin e  o r 
hum an m onoc lona l an tibod ies w i l l  be p roduced  w h ich  can be used to  de fine  
m ore precise ly the Ke ll system antigenic structures and w h ich  cou ld  be used as 
va luable b lood group ing  reagents. I t  is ve ry  lik e ly  th a t techniques such as PGR 
m ay be used m ore  w id e ly  to  investiga te  new antigens and to  shed lig h t on 
linkage d is e q u ilib ria  present w ith in  the  Kell b lood  g roup  system. PGR m ay be 
p a r t ic u la r ly  usefu l fo r  in ves tiga tion  o f va ria tions  at the genetic leve l between 
d iffe re n t se ro log ica lly  de fined  antigens w ith in  the Ke ll b lo o d  g roup system. 
The a p p lic a tio n  o f nove l techn iques such as in situ h y b r id iz a t io n , reverse 
tra n s c r ip tio n  PGR and im m unofluorescence m icroscopy w ill h o p e fu lly  p rov ide  
nove l genetic and im m uno log ica l data on the Kell system in  the next few years.
1.9 S u m m a ry
M uch im p o rta n t in fo rm a tio n  has been gathered in  recent years regard ing  the 
basis o f red  ce ll b lood  g roup system va ria tio n . These find ings  cou ld  have come 
to  lig h t on ly  by  the use o f m o lecu lar b io log ica l techniques. These developm ents 
w ill a llow  m ore de ta iled  investiga tion  o f ra re  samples than  w o u ld  otherw ise be 
poss ib le  th ro u g h  use o f  c o n v e n tio n a l techn iques . M o le cu la r b io lo g ic a l
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techn iques are, the re fo re , ex tre m e ly  im p o r ta n t in  the  f ie ld  o f  tra n s fu s io n  
science, bo th  fo r  the con tinued  investiga tion  o f red  cell antigen genes and fo r  




SECTION 2 M a te r ia ls  a n d  m e th o d s
2.1 L is t o f  s u p p lie rs
Unless otherw ise stated, a ll chem icals were A na la r grade and supp lied  by  BDH 
Chem icals o r  Fisons S c ie n tific . A ll ra d io chem ica ls  w ere pu rchased  fro m  
A m ersham  In te rn a tio n a l p ic . G ro w th  m ed ia  w ere o b ta in e d  fro m  D ifco  
Laboratories. Where chemicals o r equ ipm ent were obta ined fro m  o the r sources, 
th is  is in d ica ted  in  the  text. A lis t  o f  supp lie rs  o f specia l reagents is g iven 
be low :-
A ld r ic h  Chemical Co., G illingham , Dorset.
Am ersham  In te rn a tio n a l pic, Am ersham , Bucks.
A p p lied  Biosystems (Perkin Elmer), W arring ton , Cheshire.
BDH Chemicals, Poole, Dorset.
Biogenesis Ltd., Bournem outh, England.
Boehringer C o rpora tion  (London) Ltd., Lewes, East Sussex.
Clontech, Cambridge BioSciense, Cambridge.
Cruachem Ltd., West o f Scotland Science Park, Glasgow.
D ifco Laboratories, D etro it, USA.
Dynal, New Ferry, W irra l.
Im pe ria l Cancer Reasearch Fund, South Mimms, Potters Bar, Herts.
Fisons S cientific , Loughborough, Leicestershire.
Fluka Chemicals Ltd., G illingham , Dorset.
Genosys Biotechnologies, Inc., Cambridge.
G ibco/BRL (Bethesda Research Laboratories) Ltd., Paisley.
Hybaid Ltd., Teddington, Middlesex.
Kodak Ltd., K irby, L iverpool.
N o rth u m b ria  B iologicals Ltd., C ram lington, N orthum berland.
Pharmacia Ltd., M ilto n  Keynes.
Promeg a Ltd., Southampton.
Scotlab Bioscience, Coatbridge, Scotland.
Sigma Chemical Co., Poole, Dorset.
Stratagene Ltd., Cambridge.
U n ited  States Biochemicals, Am ersham  In te rna tiona l pic, Bucks.
W hatm an In te rna tiona l Ltd., M aidstone
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2.2 M ed ia  and buffers
AU m edia and solutions used fo r  the g row th  o f m icroorgan ism s o r the hand ling  
o f nucle ic acids were s terilised by autoclaving fo r  20 m inutes at 15 pounds per 
square inch  o r by  f i l te r  s te rilisa tion .
BACTERIAL GROWTH MEDIA :
LB m edium  (per litre ) lOg Bacto tryp tone  
5 g yeast extract 
lOg NaCl
LB plates (per litre ) 1 litre  LB m edium  
15g Bacto agar
LB A plates (per litre ) 996m l LB m edium  
15g Bacto agar
4m l a m p ic illin  (25m g /m l stock so lu tion)
2x YT (pe r litre ) 16g Bacto tryp tone  
lOg yeast extract 
5 g NaCl
M in im a l glucose plates 
(pe r litre )
15g m in im a l agar in  900m l H 2 O 
100m l 10 X M9 salt 
1m l O.lMCaClz 
1 0 m l 2 0 % (w /v ) glucose 
1ml IM  MgSOq
1ml IM  th iam ine HCl






lOxTBE 0.89M Tris-HCl (pH 8.3) 
0.89M  boric  acid 
0.025MNa2EDTA
IE lO m M  Tris-HCl (pH 7.6) 
Im M  Na2 EDTA
TEE Loading Dyes 50% v /v  g lycero l in  TE (pH 7.6) 
0.25% w /v  brom ophenol blue 
0.25% w /v  xylene cyanol FF
ZOxSSC 3M NaCl
0.3M sodium  citra te (pH 7.0)
lOOx Denhardt's so lu tion lOg Ficoll (type 400)
lO g p o ly v in y lp y rro lid o n e
lOg Bovine serum  a lbum in  ( fra c tio n  V)
H2 O to 500ml
so lution D 4M  gua n id in ium  th iocyanate 
25m M  sodium  citra te pH 7.0 
0.5% SDS
O .IM  2-m ercaptoethanol
5x fo rm aldehyde 
gel ru n n in g  b u ffe r O .IM  MOPS (pH 7.0)
40mM NaOAc
5 m M N a 2 E D TA (pH 8 .0 )
to  1 litre  w ith  DEPC treated H2 O
DEPC-treated 
fo rm a ldehyde  gel 
load ing  b u ffe r 50% glycero l in  Im M  Na2 EDTA (pH 8.0) 
0.25% w /v  brom ophenol blue 
0.25% w /v  xylene cyanol FF
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STE b u ffe r lO m M  Tris-HCl (pH 7.5) 
Im M  NazEDTA 
ISOmMNaCl
5x TAE b u ffe r 0.2 M Tris/acetate 
5 m M  NazEDTA (pH 8.0)
TAE loading dyes 10% w /v  PEG 6000 
0.25% w /v  brom ophenol blue 
0.25% w /v  xylene cyanol EE 
0.1% w /v  orange G
lO x ligase b u ffe r 300mM  Tris-HCl (pH 7.8) 
1 0 0 m M M gC l2 
lOOmMDTT 
lO m M ATP
so lu tion  A 50mM glucose
25m M  Tris-HCl (pH8.0)
1 0 m M N a 2 EDTA
so lu tion  B 1% w /v  SDS 
0.2MNaOH
b u ffe r  PI 50mM Tris-HCl (pH 8.0) 
1 0 m M N a 2 EDTA
b u ffe r  P2 200mMNaOH 
1% w /v  SDS
b u ffe r  P3 
b u ffe r QBT
2.55M KO Ac(pH 4.8)
750mMNaCl 
50mM MOPS (pH 7.0) 
15% ethanol 
0.15% T rito n  X I00
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buffer QC l.O M NaCl
50mM MOPS (pH 8.2) 
15% ethanol
2x BW b u ffe r lO m M  Tris-HCl (pH 7.5)
ImMNazEDTA
2.0MNaCl
TTL bu ffe r 300mM  Tris-HCl (pH 8.0) 
0.3% Tween 20 
6 M LiCl
TT b u ffe r lOOmM Tris-HCl (pH 8.0) 
0.1% Tween 20
so lu tion  A4 O.ZmM dATP, dCTP and dGTP 
in  500mM  Tris-HCl (pH 7.8) 
50mM MgCl2
lOOmM 2-m ercaptoethanol 
lOOfAg/gl bovine serum a lbum in
so lu tion C 0.4 U n its /g l E  coli DNA polymerase I 
40pg / gl DNA Pol 1/DNAase I 
50mM Tris-HCl (pH 7.5)
5m M  magnesium acetate
Im M  2-m ercaptoethanol
O .lm M  phe n y lm e th y lsu lp h o n y l flu o r id e
50% v /v  g lycero l
lOOgg/gl bovine serum a lbum in
so lution D BOOmMNazEDTA (pH 8.0)
lysis b u ffe r 155mMNH4Cl 
1 0 m M N H 4 f f i 0 3  
0 .1 m M N a 2 EDTA (pH 7.4)
55
blood lysis b u ffe r 320mM  sucrose 
lO m M  Tris-HCl (pH 7.5) 
5mM MgCl2 
1% T rito n  XlOO
nuc lea r lysis b u ffe r lO m M  Tris-HCl (pH 8.2)
400mMNaCl
2mM Na2 EDTA
M egaprim e la b e llin g  
b u ffe r so lu tion  2  
(M an u fa c tu re r's  rec ipe)
dATP, dGTP and dTTP in  Tris-HCl (pH 7.5)
2 -m ercap toe thano l
MgClz
so lu tion 3 1 U n it/^1  DNA polymerase I K lenow fragm ent in  
50mM potassium phosphate (pH 6.5) 
lO m M  2-m ercaptoethanol 
50% g lycero l
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2.3 E. coîi s tra in s , p la s m id  v e c to rs  a nd  th e ir  s to ra ge
The E  coli s tra in  used was stored in  the short te rm  ( fo r  up  to one m onth) at 4 %  
on t ig h t ly  sealed LB plates. Longer te rm  storage was in  50% (v /v )  g lycero l at 
-70®C, The fo llow ing  E  coli s tra in  was used in  th is study.
Strain used as host to  plasmids pTZ lSU  and pTZlSR
XL 1-Blue sup E 44, hsdR 17, rec A l,  end A l,  gyr A46, thi, re l A l, lac~
F '[p ro  AB, +lacl % lacZ AMlStnlO(tet^)] 
genotype (Sambrook et al., 1988)
DNA vectors, recom binants and oligonucleotides used in  th is study.
DNA vecto rs  w ere s to red  in  s te rile  TE (pH 7.6) (section  2.2) a t -20^C and 
oligonucleotides were stored in  sterile d is tilled  water at -20^0. DNA stored in  th is  
way rem ains stable in d e fin ite ly , p ro v id in g  there is no nuclease contam ination .
pT Z l 8 U and pTZ18R plasm id vectors.
The plasm id vectors pTZ18U and pTZ18R (U nited States Biochemicals Corp.) were 
used fo r  the subc lon ing  o f PCR p rodu c ts  described in  th is  study. A ll o f  the 
re s tr ic tio n  enzyme digested fragm ents were inserted  in to  the  m u ltip le  c lon ing  
site. Maps o f pTZ18U and pTZ18R plasm ids are shown in  Figures 2.1 and 2.2 
respec tive ly .
2 .4  P re p a ra tio n  and  a n a lys is  o f  to ta l RNA f ro m  w h o le  b lo o d
A ll p ro ce d u re s  in v o lv in g  th e  is o la t io n  o r  m a n ip u la t io n  o f  RNA w ere 
undertaken w ith  care in  o rde r to  p reven t con tam ina tion  o f  samples w ith  RNase 
enzymes (gloves were w o rn  a t a ll tim es). C on tam ina tion  w ith  these enzymes 
w o u ld  lead to  the  d e g ra d a tio n  o f  the  RNA con ta in e d  in  the  samples. A ll 
glassware and plastics used fo r  these procedures were trea ted w ith  a 0 . 1 % (v /v )  
so lu tion  o f DEPC fo r  1 h o u r at 37°C p r io r  to  s te rilisa tio n  by  au toc lav ing  fo r  20 
m inutes at 15 psi. DEPC is an in h ib ito r  o f RNase, bu t is toxic and m ust be handled 
w ith  care.
F igu re  2.1 p T Z lS U  p la s m id  m ap
This vecto r conta ins a T7 RNA po lym erase p ro m o te r w ith in  a lac V  gene, 
adjacent to  the p o ly lin k e r  sequence o f pUC18. I t  also conta ins the  in te rgen ic  
(o rig in ) reg ion o f phage f l ,  o rien te d  in  the "U" d ire c tio n , and a p-lactamase 
gene w h ic h  con fe rs  a m p ic i l l in  res is tance . T7 RNA po lym e ra se  in it ia te s  
tra n s c rip tio n  and proceeds th ro u g h  the  m u lt ip le  c lon ing  site. In fe c tio n  w ith  
he lper phage w il l  p roduce  single stranded copies o f DNA. Fragm ents o f KEL 
cDNA were cloned in to  the po lyh n ke r reg ion  o f th is  vec to r at the  Bam H I and 
Sal I sites.
pTZ18U
M u ltip le  c lon ing  site
T7





a m p ic ill in
resistance
gene
Figure 2 .2  p T Z lS R  plasm id map
This vecto r conta ins a T7 RNA po lym erase p ro m o te r w ith in  a lac V  gene, 
adjacent to the p o ly lin k e r  sequence o f pUC18. I t  also conta ins the  in te rge n ic  
(o rig in ) reg ion o f phage f l ,  o rien te d  in  the "R" d ire c tio n , and a p-lactamase 
gene w h ic h  con fe rs  a m p ic i l l in  res is tance . T7 RNA p o lym e ra se  in it ia te s  
tra n s c rip tio n  and proceeds th ro u g h  the m u lt ip le  c lon ing  site. In fe c tio n  w ith  
he lper phage w il l  p roduce  single s tranded copies o f DNA w ith  the  in ve rse  
complement. Fragments o f KEL cDNA were cloned in to  the p o ly lin k e r  reg io n  o f 
this vector at the Bam HI and Sal I sites.
pTZlSR
M u ltip le  c lon ing  site
T7
p ro m o te r
lacZ’
pTZlSR \1 f l2860 base pairs 1 o r ig in




2.4 .1  Is o la t io n  o f  to ta l RNA fro m  b lo o d  - th e  AGPC m e th o d  
Chom czynski e t ai., 1987
Red cells f ro m  w ho le  b lood  samples were washed x3 in  co ld  iso ton ic  sa line  
(0.95% NaCl w /v ) . 5m l a liquo ts  o f washed cells were hom ogenised on ice in  a 
g lass /te flon  hom ogeniser, then  tw o volum es o f so lu tion  D (section 2.2) were 
added and the  m ix tu re  hom ogenised a second tim e  at ro o m  tem p e ra tu re . 
Homogenates were tra n s fe rre d  to  s te rile  DEPC-treated glass un ive rsa l tubes 
p r io r  to  the sequentia l a d d itio n  o f 0.2 volumes o f 2M sodium  acetate (pH 4.0), 2 
volum es o f Tris-HC l e q u ilib ra ted  pheno l (pH>7.6) (Fisons) and 0.4 volum es o f 
ch lo ro fo rm : isoam yl a lcohol (49:1 v /v ) ,  m ix ing  by  inve rs ion  a fte r the add ition 
o f each reagent. The samples were vo rte x  m ixed fo r  10 seconds before ch illin g  
on ice fo r  15 m inutes. They were then centrifuged at lOOOOg fo r  20 m inutes at 
4°C. The aqueous RNA-containing phases were transfe rred  to  fresh, s terile  DEPC 
treated 30m l Corex (™ ) cen trifuge  tubes p r io r  to  the a d d itio n  o f two volumes o f 
isopropano l. The residua l in terphases and pheno l phases con ta in in g  DNA and 
prote ins, respective ly, were discarded. The samples were cen trifuged  at lOOOOg 
fo r  20 m inutes a t 4®C. The supernatant was discarded c a re fu lly  and the  RNA 
pe lle t dissolved in  100^1 o f so lution D. lOfxl o f 3M NaOAc (pH 4.8) were then added 
and the samples were m ixed tho rough ly . Two volumes o f ice co ld ethano l w ere 
added and the samples were m ixed before RNA p re c ip ita tio n  at -70^C fo r  one 
hou r. The samples were cen trifuged  at lOOOOg fo r  20 m inutes at 4^C before 
d ra in in g  o f f  the  supernatant. The RNA pelle ts were washed w ith  1m l o f  cold 
e th a n o l p r io r  to  d ry in g  u n d e r a vacuum . They w ere th e n  d isso lved  in  
approxim ate ly 100^1 o f sterile DEPC treated d is tilled  w ater p r io r  to  storage at 
-7QOC. The c o n ce n tra tio n  o f RNA in  each sam ple was estim ated  by  o p tica l 
density  m easurem ent w here 1 A 2 6 O u n h  ind ica tes a conce n tra tio n  o f 40[xg o f 
R N A/m l.
2 .4 .2  A g a ro s e /fo rm a ld e h y d e  ge l e le c tro p h o re s is  o f  to ta l RNA 
Sambrook et al., 1989
1.5% agarose dena tu ring  gels were prepared as follows:-
0.75g o f  agarose (BRL-Ultra pu re  agarose) was placed in  a s terile  250m l conical 
flask. 30m l o f  d is tille d  w ater were added and th is  was heated in  a m icrowave at 
h a lf  pow er u n t i l  the  agarose was com ple te ly  dissolved. A d d it io n a l w a te r was 
added to  give a f in a l vo lum e o f 31.1m l. 10m l o f 5x fo rm a ldehyd e  gel ru n n in g
b u ffe r  (section 2 .2 ) were added and the m ix tu re  was a llow ed to  cool to  60^C 
before  the a d d itio n  o f 8 .9m l o f 12.3M fo rm a ldehyde  so lu tion , g iv ing  a f in a l 
concen tra tion  o f 2.2M  form aldehyde. The to ta l vo lum e p r io r  to  casting the  gel 
was 50ml.
RNA samples were prepared as fo llows:-
4.5|il o f  RNA so lu tion  (conta in ing 10-30|ig o f  RNA) were p laced in  a sterile  DEPC 
trea ted  E ppendorf tube. 2.0^il o f  5x fo rm a ldehyde  gel ru n n in g  b u ffe r  (section 
2 .2 ), 3.5ja1 o f 12.3M fo rm a ldehyde  and I0 [il o f d im e th y lfo rm a m id e  were added. 
The samples were then  m ixed and incuba ted  fo r  15 m inu tes at 65®C, before 
c h ill in g  on ice. 2 |il o f s te rile , DEPC-treated fo rm a ldehyd e  gel load ing  b u ffe r  
(section 2.2) were added. P rio r to  loading, the gel was p re -ru n  fo r  5 m inutes at 5 
vo lts /cm . The samples were then  loaded and the gel was ru n  at 5-8 vo lts /c m  
u n t il the leading dye fro n t (b rom opheno l b lue) had trave lle d  2 / 3  the leng th  o f 
the  gel. The gel was th e n  s ta ined in  I x  fo rm a ld e h yd e  gel ru n n in g  b u ffe r  
con ta in ing  0.5}xg/m l e th id ium  brom ide  fo r  30-45 m inu tes be fo re  desta in ing  in  
d is tille d  w ater and v iew ing on a tran s illum ina to r.
2.5 F irs t  s tra n d  cD N A syn th e s is
F irs t s trand  cDNA synthesis was achieved by  reverse tra n s c r ip tio n  o f p o ly -A  
RNA con ta ined  in  to ta l RNA samples. This in vo lve d  the use o f two d iffe re n t 
reverse tra n s c r ip tio n  k its . Synthesis o f f ir s t  s trand  cDNA was m o n ito red  to  
ensure the  effectiveness o f  one o f the kits.
2 .5 .1  S yn thes is  o f  f i r s t  s tra n d  cDNA fro m  to ta l RNA u s in g  
M o M u L V  re v e rs e  t ra n s c r ip ta s e
First s trand cDNA synthesis using a Pharmacia f irs t s trand cDNA synthesis k it
In  each case 5\ig o f  to ta l RNA in  a vo lum e o f 20^1 were used in  33[xl reactions. 
The recom m ended p ro toco l was as fo llows
The d ilu ted  RNA was heated to  65 ®C fo r  10 m inutes before c h illin g  on ice. l|j,l o f 
b u lk  f ir s t  s tran d  re a c tio n  m ix  was then  added. The to ta l re ac tion  m ix tu re  
c o n ta in e d  M oM uLV  reve rse  tra n s c rip ta s e , R N Aguard  (RNase in h ib ito r ) ,  
0 .0 8 m g /m l RNase/DNAse free bov ine  serum  a lbum in  and 1.8m M  each dATP, 
dCTP, dGTP and dTTP in  aqueous b u ffe r (45niM  Tris-HCl pH  8.3, 6 8 m M  KCl, 9mM
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MgCl2 ). DTT at a f in a l co n c e n tra tio n  o f  15m M  and  0.2|xg o f  Not I -d (T ) ig  
b ifu n c tio n a l p r im e r were added and the sample was m ixed p r io r  to  in cuba tio n  
fo r  one h o u r at 37®C. The Not I-d (T ) ig  b ifu n c tio n a l p r im e r is a h y b r id  p r im e r 
composed o f a string o f dT residues and an anchor dom ain w h ich  contains a 
Not I re s tr ic tio n  site. The com pleted reaction  m ix tu re  was heated to  90^C fo r  5 
m in u te s  to  d e n a tu re  th e  RNA-cDNA d u p le x  and  in a c tiv a te  th e  reverse  
transcrip tase  p r io r  to  storage at -20°C fo r  subsequent use in  the  polym erase 
cha in  reac tion  (section 2 .7.1). Th is m ethod  was also used successfu lly  fo r  
sp e c ific  syn thes is  o f  f i r s t  s tra n d  KEL cDNA us ing  4 0 p m o l o f  a 31m er 
o lig o n u c le o tid e  spec ific  fo r  the  3 ’ end o f  the  p u b lis h e d  KEL nu c le o tid e  
sequence.
2 .5 .2  S yn thes is  o f  f i r s t  s tra n d  cD N A fro m  to ta l RNA us in g  A M V 
re v e rs e  t ra n s c r ip ta s e
F irs t s tran d  cDNA was also synthesed using a Prom ega f ir s t  s tra n d  cDNA 
synthesis k it.
The reverse tra n s c r ip tio n  re ac tion  was p repa red  by  p lac ing  l^ig o f substrate 
RNA in  a ste rile  E ppendorf tube. Reaction constituents were then  added to  give 
f in a l concentra tions as fo llow s:-
5mM MgCl2 , lO m M  Tris-HC l (pH 8.0), 50m M  KCl, 0.1% T r ito n  X I00, Im M  each 
dNTP, 1 u n i t / j i l  rRNasin, 0.75 U n its /|x l AM V reverse transcrip tase, 0.05ixg/ixl 
o lig o (d T ) i5 p r im e r and RNase free H2 O to  a fin a l volum e o f 20(a1.
The m ix tu re  was incubated at 4 2 %  fo r  1 hour, then heated to  99%  fo r  5 m inutes. 
The samples were im m edia te ly  cooled on ice p r io r  to  use in  PCR (section 2.7.1).
2 .5 .3  M o n ito r in g  re v e rs e  t r a n s c r ip t io n
The synthesis o f  f irs t  s trand cDNA using m ethod 2.5.1 was m on ito red  in  o rde r to  
de term ine the approx im ate  leng th  o f  the f irs t strand cDNA produced. This was 
ca rrie d  o u t acco rd ing  to  m a n u fa c tu re r's  in s tru c tio n s . The p ro to c o l was as 
fo llow s :-
l| ig  o f RNA standard o r 5^g o f  sample RNA was dissolved in  20jxl o f  RNase free 
H2 O and was incubated at 6 5 %  fo r  10 m inutes p r io r  to  ch illin g  on ice. Reaction 
constituents were added as deta iled in  section 2.5.1 then  20fxCi o f [a-^^P] dCTP 
(3000C i/m m ol) were added and the sample was incubated fo r  1 h o u r at 37% . The
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fin a l vo lum e o f the sample was adjusted to  100[a1 by the a d d ition  o f  65[il o f  STE 
b u ffe r (section 2.2). lOOfxl o f  Tris-HCl equ ilib ra ted  phenol (pH>7.6) (Fisons) were 
added and the sample was vo rtexed  p r io r  to  ce n tr ifu g a tio n  fo r  one m inu te  at 
12000g. This step was repeated using lOOjil o f ch lo ro fo rm :isoam y l a lcohol (49:1 
v /v ) .  The upp e r aqueous phase was transfe rred  to  a fresh  E ppendorf tube fo r  
cDNA p re c ip ita tio n  by  the m ethod  described in  section 2.10. The sample was 
redissolved in  lOjxl o f TE b u ffe r (section 2.2). 2gl o f th is  were e lectrophoresed on 
a 1% agarose/TBE gel (section 2.8). The gel was then p laced on a glass plate, 
cove red  w ith  Saran w rapf^M ), c lam ped dow n and exposed to  X -ray  f i lm  
(Am ersham  H yp e rfilm ) at -7 0 %  fo r  one week. The gel sandwich was w rapped in  
lead to  p reven t ra d ia tio n  leakage.
2 .6  O lig o n u c le o t id e  p r e p a ra t io n
O ligonucleotides were synthesised by the p h o sp h ite -trie s te r m e thod  (A tk inson  
e t a l ,  1984) and  w ere pu rchased  fro m  the  D e p a rtm e n t o f  B iochem is try , 
U n iv e rs ity  o f  Glasgow; Pharm acia; Cruachem  and fro m  the  D epartm ent o f  
B iochem istry, U n ive rs ity  o f B risto l. B io tiny la ted  o ligonucleotides fo r  use in  the 
po lym erase cha in  reac tion  and fo r  subsequent d ire c t sequencing o f the  PCR 
products on S trep tav id in  coated Dynabeads(™ ) (section 2.20.5) were synthesized 
at the Beatson In s titu te  fo r  Cancer Research, Glasgow, and a t Genosys Inc. in  
Cambridge. Some o f the o ligonucleotide samples were supp lied ready fo r  use, bu t 
o thers re q u ire d  p u r if ic a tio n  p r io r  to  use. Details o f in d iv id u a l o ligonucleo tide  
p rim ers used in  th is p ro jec t can be found  in  sections 3, 4, 6 and 7.
2 .6 .1  E th a n o l p r e c ip i ta t io n  o f  o l ig o n u c le o t id e  p r im e rs  
Sambrook et aJ., 1989
The SOOfxl o ligonucleotide sample was d ried  under vacuum  in  an E ppendorf tube 
p r io r  to  dissolving in  500^1 o f sterile d is tilled  water. 1 / lO th  o f the vo lum e o f 3M 
sodium  acetate (pH 4.8) and 2 volumes o f sterile f ilte re d  co ld  e thano l were added 
and the m ix tu re  placed at -7 0 %  fo r  15 m inutes. The sample was cen trifuged  at 
12000g fo r  10 m inutes before ca re fu lly  d ra in ing  the superna tan t and w a sh in g  
the pe lle t w ith  1ml o f co ld  ethanol. The pe lle t was d ried  unde r a vacuum  p r io r  to  
d issolving in  50|nl o f s terile  d is tille d  water. The concen tra tion  was estim ated by 
m easurem ent o f  the o p tica l dens ity  a t 260nm  w here  an A 2 6 O read ing  o f 1 
represents an o ligonucleo tide  concen tra tion  o f 33(xg/ml.
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2 .6 .2  P u r i f ic a t io n  o f  b io t in y la te d  o lig o n u c le o t id e  p r im e rs  u s in g  
th e  o lig o n u c le o t id e  p u r i f ic a t io n  c o lu m n  (OPC) d e s a lt in g  
m e th o d
B io tiny la ted  o ligonuc leo tide  p rim e rs  ob ta ined  fro m  the  Beatson In s titu te  fo r  
C ancer Research w ere  in c u b a te d  o v e rn ig h t a t 5 5 % . 300^1 o f  each 
o ligonucleo tide  were d rie d  unde r vacuum  p r io r  to  resuspension in  3m l o f  0.1 M 
TEAA and storage on ice. 5 m l o f 100% ace ton itrile  fo llow ed  by 5 m l o f 2M TEA A 
were passed th ro ugh  the OPC to waste. The 3m l o f o ligonuc leo tide  m ix tu re  was 
passed th ro ugh  the OPC at a rate o f  40^1/second. The f ilt ra te  was co llected and 
passed th ro u g h  the co lum n a second tim e. 15m l o f 0. IM  TEAA were passed 
th ro ugh  the OPC to  waste. The pure  o ligonucleotide p r im e r was eluted dropw ise 
w ith  3 a liq u o ts  o f  1m l 100% a c e to n itr ile  and the  e lua te  was co llec ted  in  
Eppendorf tubes and d ried  under vacuum. Each o ligonucleo tide  was dissolved in  
500[xl sterile d is tilled  water. 0.5[xland I.O m-1 samples o f each o ligonuc leo tide  were 
analysed on a 15% PAGE (section 2.8) to  assess b io tin y la tio n . The b io tin y la te d  
p r im e r m igrates s lig h tly  slower than  the u n b io tin y la te d  fo rm  and these can be 
seen as two d is tin c t bands on the gel fo llow ing  sta in ing w ith  e th id ium  brom ide.
2 .7 P o ly m e ra s e  c h a in  re a c t io n
The po lym erase cha in  re a c tio n  is an ex trem e ly  ve rsa tile  techn ique  fo r  the  
generation o f copies o f a ta rge t DNA molecule. The p roducts  o f PCR have m any 
uses. This subsection describes a va rie ty  o f ways in  w h ich  PCR has been app lied  
in  the course o f th is  p ro ject.
2 .7 .1  PCR u s in g  f i r s t  s tra n d  cD N A as a ta rg e t
PCR a m p lific a tio n  o f cDNA invo lves the enzym atic synthesis o f specific cDNA 
ta rg e t sequences using tw o  o lig o n u c le o tid e  p r im e rs  w h ich  f la n k  the  cDNA 
reg ion o f in te rest and hyb rid ize  to  opposite strands. The "upstream " PCR p r im e r 
shou ld  be com p lem en ta ry  to  the 3' fla n k in g  reg ion  o f the f ir s t  s trand  cDNA. 
Th is  o lig o n u c le o tid e  w i l l  p r im e  synthesis o f  the  second s tran d  cDNA. The 
"dow nstream " p rim er, w h ich  is com plem entary to the 3 ' fla n k in g  reg ion  o f the 
second s tra n d  cDNA, is used to  p r im e  synthesis o f  the  f ir s t  s tran d  cDNA. 
A m p lifica tio n  o f  the ta rge t sequence is achieved by repea ting  cycles o f  p r im e r 
annealing, extension and d é n a tu ra tio n  o f the extended dup lex. This results in
6 2
an increase in  the am ount o f p roduc t by 2^ a fte r n cycles have been com pleted, 
assuming the a m p lifica tio n  is 100% effective.
The f irs t  s trand  cDNA samples described in  section 2.5.1 were used as ta rge t 
m a te ria l fo r  PCR. The f in a l am ounts o r concentra tions o f PCR constituents were 
as fo llo w  s-
5^1, lOjxl o r 33(xl o f f irs t  s trand cDNA reaction p roduct, 56m M  KCl, 14.5mM Tris- 
HCl (pH 8.4), 2.0m M  MgClz, 200p,M o f each dNTP, 40pm ol each p rim er, 2.5 un its  
Taq DNA polymerase and sterile d is tilled  water to  1 OO^il.
The f ir s t  s trand cDNA samples described in  section 2.5.2 were used as ta rge t 
m ate ria l fo r  PCR. The fin a l am ounts o r concentra tions o f  PCR constituents were 
as fo llow s-
20[xl f irs t  s trand  cDNA reaction  p rodu c t, 50m M  KCl, lO m M  Tris-HC l (pH 8.8), 
l.S m M  MgClz, 200nM o f each dNTP, 40pm o l each p rim e r, 2.5 un its  Taq DNA 
polymerase and sterile  d is tilled  water to  lOOfxl.
The samples were ove rla id  w ith  lOOjil o f m ine ra l o il p r io r  to  a m p lifica tio n  in  a 
DNA Therm al Cycler (TM) (Perkin Elmer). A fte r  heating to  9 5 %  fo r  3 m inutes to 
denature the RNA-cDNA duplex, they were subjected to  30 rounds o f 9 5 %  fo r  1 
m inu te , 5 5 %  fo r  1.5 m inu tes  and 7 2 %  fo r  1 m in u te . The sam ples were 
subsequently heated to  72^C fo r  7 m inutes to  allow complete extension o f cha ins, 
then cooled to 4^C fo r  storage. 10^1 o f the to ta l PCR products  were analysed on a 
1% agarose/TBE gel w ith  e th id iu m  brom ide sta in ing (section 2.8).
2 .7 .2  PCR u s in g  f i r s t  s tra n d  cD N A as a ta rg e t w ith  b io t in y la te d  
o l ig o n u c le o t id e  p r im e rs
PCR reactions were ca rried  ou t using a f irs t  s trand  cDNA as ta rge t and one 
b io tin y la te d  and one u n b io tin y la te d  p rim e r. 40pm ol o f each p r im e r were added 
to  the  100^1 reac tion . The conce n tra tio ns  o f re a c tio n  cons tituen ts  were as 
de ta iled  above fo r  the AM V based reverse tra n s c r ip tio n  and  subsequent PCR 
(sections 2.5.2 and 2.7.1). The f in a l PCR p rodu c t was analysed b y  agarose gel 
electrophoresis (2.8).
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2 .7 .3  A s y m m e tr ic  PCR
A sym m etric  PCR reac tions  were p e rfo rm e d  using o n ly  one o lig o n u c le o tid e  
p r im e r. The p r im e r  c o n ce n tra tio n  used was e ith e r 50ng o r  l^ g  p e r 100[xi 
reaction  w ith  50ng o f ta rge t DNA [e ithe r gel p u r if ie d  PCR p ro d u c t (section 2.9) 
o r double stranded DNA fro m  plasm id clones (section 2.19.1)].
The f in a l concen tra tion  o f o the r reaction  constituents were as deta iled in  2.7.2. 
The reaction  m ixtures were heated to 9 4 %  fo r  3 m inutes to  denature the double 
stranded tem plate. The samples were then  subjected to  45 cycles o f 9 4 %  fo r  1 
m inute, 5 5 %  fo r 1 m inute  and 7 2 %  fo r  20 seconds. A no ther 2.5 Units o f Taq DNA 
polym erase were added and the samples were subjected to  10 m ore cycles o f 
hea ting  and coo ling  p r io r  to  a f in a l extension at 7 2 %  fo r  7 m inutes. The 
samples were cooled to  4 %  and 1 /1 0 th  o f the reaction products were analysed by  
agarose gel e lectrophoresis (section 2.8).
2 .7 .4  PCR u s in g  gen om ic  D N A as a ta rg e t
PCRs were pe rfo rm ed  using l^ g  o f to ta l genomic DNA as a target and 40pm ol o f 
each p r im e r pe r 100|il reaction. P repara tion o f to ta l genom ic DNA is described 
in  sections 2.22.1 and 2.22.2. The concentrations o f o th e r reac tion  constituen ts 
were as detailed in  2.7.2. The reaction m ixtures were th e rm a lly  cycled using the 
param eters described in  section 2.7.1 b u t using 6 5 %  instead o f  5 5 %  fo r  the 
annealing step. The p roducts  were analysed on 15% po lyacry lam ide  gels o r by 
agarose gel e lectrophoresis (section 2.8).
2 .7 .5  PCR u s in g  som a tic  c e ll h y b r id  DNA as a ta rg e t
PCR reactions w ith  somatic cell h y b r id  DNA as a ta rge t were pe rfo rm e d  using 
0.5-2.5jAg o f  the supp lied  ta rg e t DNA (I. C. R. F.) w ith  l | ig  o f  each o f the 
a p p ro p ria te  o ligonuc leo tide  p rim ers  and o the r co n s titu e n t concen tra tions as 
described (section 2.7.2). The samples were th e rm a lly  cyc led  b y  hea ting  the 
samples to 9 4 %  fo r  3 m inutes, then  subjecting them  to  30 cycles o f 9 4 %  fo r  1 
m inute, 6 5 %  fo r  1 m inute  and 7 2 %  fo r  1.5 m inutes. A fin a l extension at 7 2 %  fo r  
7 m inutes was pe rfo rm ed  p r io r  to  coo ling to  4%  p r io r  to  gel analysis (section 
2.8).
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2.8 A n a ly s is  o f  DN A b y  ge l e le c tro p h o re s is
DNA o f size g rea te r than  150bp can easily be ana lysed on an agarose gel; 
whereas sm aller fragm ents (90bp  o r less) are best seen on a h ig h  percentage 
po lyacry lam ide  gel, where separa tion is m ore e ffic ien t.
Sample P repara tion
DNA in  a vo lum e o f lOfxl was added to  an E ppendorf tube. 4\xl o f  TE b u ffe r  
(section 2.2) and 2^1 o f TBE load ing  dyes (section 2.2) were added. The sample 
was then  spun dow n b r ie f ly  at 12000g to  co llect a ll f lu id  and the samples w ere  
loaded onto  the gel im m ediate ly.
A g a ro se  g e l e le c tro p h o re s is
Recipe fo r  a 1% agarose/TBE gel- 100m l gel
Ig  o f  agarose (BRL U ltrapu re  agarose) was added to  90m l o f  d is tille d  water. It 
was then  placed in  a m icrowave and heated on h a lf pow er u n t i l  the agarose was 
com ple te ly dissolved. The m ix tu re  was a llowed to  cool p r io r  to  the a d d itio n  o f 
10m l o f lO x TBE (section 2.2). This was m ixed tho ro u g h ly  and e th id ium  brom ide 
so lu tion  was added to  a f in a l concentration o f 0 .5 [ig /m l. The gel was then poured 
in to  a casting tra y  and allow ed to  polym erise before use.
(N.B. the concentra tion  o f agarose in  the gel was increased up to  2% to  p rov ide  
be tte r reso lu tion  o f fragm ents sm aller than  0.4 kb, o r decreased to  0.7% to  allow 
the separation and analysis o f fragm ents la rger than 4 kb).
Gel e lectrophoresis
The gel was submerged in  I x  TBE b u ffe r  conta in ing O .S^g/m l e th id ium  brom ide  
(section 2.2). The gel was loaded and electrophoresed at 8-10 vo lts /c m  u n t il the 
leading dye fro n t (b rom opheno l blue) had trave lled  2 /3  o f the length  o f the gel. 
The DNA bands were visualised by UV tran s illum ina tion  and photographed.
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P o ly a c ry la m id e  ge l e le c tro p h o re s is  (PAGE)
Samples fo r  analysis by  PAGE were prepared as fo r  agarose gel analysis.
Gel P reparation- 15% Polyacrylam ide Gel
For an 80m l gel the  fo llo w in g  constituen ts  were th o ro u g h ly  m ixed  p r io r  to 
p ou ring  the gel:-
40m l 30% acry lam ide so lu tion  (acry lam ide: b isacry lam ide 29: 1), 8m l lO x TBE, 
32m l water, 500|xl 10% (w /v ) am m onium  persulphate solution, 80^il TEMED.
The gel was poured  and allow ed to  po lym erise fo r  a t least 30 m inutes p r io r  to  
use.
Gel e lectrophoresis
I x  TBE was used as the ru n n in g  b u ffe r  (section 2.2). The samples were loaded 
onto  the gel and were electrophoresed at 8 v o lts /cm  u n t il the leading dye fro n t 
(b rom opheno l b lue) reached the end o f the gel. The gel was then  sta ined fo r  
one ho u r in  I x  TBE conta in ing 0 .5gg /m l e th id ium  brom ide, p r io r  to  v isu a lisa tio n  
o f DNA by  UV tra n s illu m in a tio n  and photography.
2 .9  Gel p u r i f ic a t io n  o f  DN A
This was achieved by e lectrophoresis o f the DNA sample th ro u g h  a 0.7% low  
m elting  p o in t agarose/TAE gel. A 100m l gel was prepared by m e lting  0.7g o f  low 
m e lting  p o in t agarose (Gibco BRL LMP agarose) in  80m l o f water. 20m l o f 5x TAE 
b u ffe r  (sec tion  2 .2) were added a long w ith  e th id iu m  b ro m id e  to  a f in a l 
concentra tion  o f 0.5[xg/m l. The samples were prepared by  the a d d ition  o f 2 |il o f 
TAE loading dyes (section 2.2) to  a m axim um  sample vo lum e o f 28[xl. The gel was 
then loaded and electrophoresed at 4 %  at 8 vo lts /c m  u n t i l  the  lead ing dye fro n t 
(b ro m op heno l b lue) had tra ve lle d  2 /3  o f the to ta l leng th  o f  the  gel. A fte r  
e le c tro p h o re s is , th e  re q u ire d  bands w ere  exc ised  (u n d e r  b r ie f  UV 
tra n s illu m in a tio n ) and each band was placed in  a pre-weighed E ppendorf tube 
(weighed accurate ly to  w ith in  Im g ). The tubes and gel were then  reweighed to 
estimate the gel vo lum e assuming O .lg o f gel is equ iva lent to  lOOgl o f liq u id . The 
gel was m elted at 6 5 %  and l / 9 t h  volum e o f 5M NaCl was added. The samples were 
m ixed th o ro u g h ly  and re tu rne d  to  6 5 %  to  ensure the gel was p ro p e rly  m elted. 
0.5 volumes o f Tris-HCl equ ilib ra ted  phenol (pH>7.6) (Fisons) at 65%  were added
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and the sample was vortexed im m edia te ly fo r  at least 2 m inutes. The m ix tu re  was 
cen trifuged  fo r  10 m inutes at 12000g, the aqueous phase was transfe rred  in to  a 
fresh E ppendorf tube and the phenol extraction  step was repeated. The aqueous 
phase was rem oved and extracted  w ith  0.5 vo lum es o f  c h lo ro fo rm : isoam yl 
alcohol (49:1 v /v )  p r io r  to  cen tr ifu g a tio n  as before. The DNA was then ethano l 
p rec ip ita ted  (section 2.10).
2 .10  E th a n o l p r e c ip ita t io n  o f  DN A
0.1 vo lum e o f 3M NaOAc (pH 4.8) and 2 volumes o f s te rile  f ilte re d  co ld  e thano l 
were added to  the DNA sample. This was placed at -2 0 %  fo r  2 hours to  a llow  
p re c ip ita tio n  o f the DNA. The sample was centrifuged fo r  10 m inutes at 12000g 
at4^C  and the pe lle t was dra ined and washed w ith  1ml o f s te rile  f ilte re d  ice cold 
e thano l before  vacuum  d ry in g  and resuspension in  s te rile  TE b u ffe r  (section
2.2), TE bu ffe r (section 2.2) was added to  an a liquo t o f  the sample to a m axim um  
f in a l vo lum e o f 28^1. 2^il o f TBE load ing  dyes (section 2.2) were added and the 
sample was electrophoresed on a 1% agarose/TBE gel (section 2.8) to ensure DNA 
had been recovered. The am ount o f DNA recovered was estimated by com parison 
o f band fluorescence w ith  a know n standard.
2.11 R em ova l o f  o lig o n u c le o tid e  p r im e rs  and  Taq  DNA p o ly m e ra s e  
f ro m  PCR p ro d u c ts
The rem oval o f excess o ligonucleotide p rim ers and unused Taq DNA polymerase 
is essential i f  a PCR p rodu c t is to  be used as a target fo r  fu r th e r  am p lifica tio n , o r 
fo r  d irec t sequencing o f the p roduct. One m ethod fo r  th e ir  rem oval involves the  
use o f Chrom a sp in (™ ) gel f i l t ra t io n  colum ns (C lontech). Various colum ns are 
available and the one chosen was dependent on the size o f the  fragm ent w h ich  
was to  be recovered , and  the size o f the con tam inan ts  w h ich  were to  be 
removed. The p ro toco l fo r  use o f these columns is as follows.
The C hrom aspin co lum n  m a tr ix  was th o ro u g h ly  resuspended, the  caps were 
rem oved and the co lum n dra ined  by g ra v ity  flow  in to  a m icro fuge  tube. It was 
th e n  c e n tr ifu g e d  fo r  3 m inu tes a t 700g. The sp in  step was repeated a fte r 
d iscard ing the filtra te . The PCR p rodu c t (75-100[il) was ca re fu lly  loaded onto the 
co lum n and spun at 700g fo r  5 m inutes. The eluate conta ined the p u r if ie d  PCR 
produc t. A  sample o f the p u r if ie d  DNA was analysed on a 1% agarose/TBE gel 
(section 2.8) to  c o n firm  the rem ova l o f  the  p rim e rs . The c o n ce n tra tio n  o f
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p u rif ie d  p roduc t was calculated by  m easuring the absorbance at 260nm  (A 2 6 O 
1 indicates an approxim ate concentra tion o f double stranded DNA o f 50(xg/m l).
2 .12 R e s tr ic t io n  e n d o n u c le a se  d ig e s t io n  o f  PCR p ro d u c ts
R estriction enzymes can be used to  cleave double stranded DNA at p re-defined 
sites, thus a llow ing  pos itive  id e n tif ic a t io n  o f p ro du c ts  o f the  expected size 
where the sequence is a lready known. One U n it o f re s tr ic tio n  enzyme a c tiv ity  is 
defined as the q u a n tity  o f enzyme requ ired  fo r  the com plete d igestion o f Igg  o f 
X DNA in  one h o u r und e r the correct b u ffe r and tem pera tu re  cond itions fo r  the 
enzyme. In  practice, several fo ld  excess o f enzyme was n o rm a lly  used to ensure 
com plete d igestion o f the  sample.
The re s tr ic tio n  digest reaction :-
The requ ire d  q u a n tity  o f DNA fo r  d igestion (100-500ng o f  PCR p rodu c t o r up  to 
l| ig  o f genomic DNA) was added to  an Eppendorf tube in  a vo lum e o f less than  
17.5gl. 2gl o f  lO x  re s tr ic t io n  enzyme b u ffe r  (th is  b u ffe r  is spec ific  fo r  each 
re s tr ic tio n  enzyme) were added w ith  the p a rtic u la r re s tr ic tio n  enzyme (5 Units 
fo r  PCR products o r up to 60 Units fo r  genomic DNA) and d is tilled  w ater to  give a 
fin a l vo lum e o f 20{xl. The m ix tu re  was incubated at the app ro p ria te  tem pera ture  
fo r  the enzyme fo r  two hours p r io r  to  the a d d itio n  o f 2gl o f  TBE load ing  dyes 
(section 2.2) and analysis on a 2% agarose/TBE gel (section 2.8).
The size o f each band generated by re s tr ic tio n  enzyme d igestion was estim ated 
by  m easuring distances o f m ig ra tio n  re la tive  to  DNA m arke rs  o f know n  size 
( Ik b  DNA ladder-G ibco BRL Inc.) and in te rp o la tin g  the distance on a g raph  o f 
lo g io  m arke r size versus distance m ig ra ted  fo r  these. The distance m ig ra ted  by 
bands w h ic h  re s u lt fro m  the  e xp e rim e n ta l digests can be m easured and 
com pared to  th is standard curve to  a llow  size estim ation. R estric tion  digests can 
be used to  excise fragm en ts  w h ich  have been c loned  in to  a p la sm id  v ia  
re s tr ic t io n  enzym e sites. T o ta l genom ic DNA and p lasm id  DNA can also be 
digested by  th is  m ethod using la rge r re la tive  volumes.
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2.13 P u r if ic a t io n  o f  PCR p ro d u c ts  fo r  c lo n in g  in to  p la s m id  
v e c to r s
PCR products  were e thano l p rec ip ita ted  as described in  2.10. The samples were 
resuspended in  30^il o f TE (pH 7.6) (section 2.2). 2\il o f the resuspended m ate ria l 
was analysed on a 1% agarose/TBE gel (section 2.8) a fte r the a d d itio n  o f 18jxl TE 
b u ffe r  (section 2.2) and 2\il o f TBE load ing dyes (section 2.2). The rem a inder o f 
the samples were then  gel p u r if ie d  on a 0.7% low  m e lting  p o in t agarose gel 
(section 2.9).
2 .14  L ig a t io n  o f  enzym e  d ig e s te d  PCR p ro d u c ts  in to  p la sm id s
Restriction enzyme digests o f SOOng o f each plasm id vec to r were carried  ou t as 
described in  section 2 .1 2 .
The lig a tio n  reaction  m ixtu res were as fo llows
50ng o f  digested p lasm id  vec to r and 50ng o f s im ila r ly  digested PCR p roducts  
were m ixed in  a sterile Eppendorf tube. 2gl o f lO x ligase b u ffe r (section 2.2) and 
0.5[xl T4 DNA ligase enzyme (Promega) were added and the to ta l volum e was made 
up to 20|il w ith  sterile  d is tille d  water. The m ixtures were cen trifuged  b r ie f ly  to 
co llec t the f lu id  p r io r  to  in cu b a tio n  at room  tem pera tu re  fo r  18-24 hours to  
a llow  lig a tio n  to  take place. C ontro ls  in c lud ed  digested p lasm id  w ith  no PCR 
product.
2.15 P re p a ra tio n  o f  L-AM P p la te s  w ith  X -ga l a n d  IPTG
To prepare  tw en ty  plates o f 90m m  diam eter, 500m l o f L -b ro th  were p repared 
(section 2.2). 7.5g Bacto agar were then  added. This was autoclaved fo r  15-20 
m inutes and the b ro th  was a llow ed to  cool to  6 0 %  p r io r  to  the  a d d itio n  o f 
a m p ic ill in  to  a f in a l c o n c e n tra tio n  o f 50gg /m l. X-gal (Prom ega) and IPTG 
(Promega) were added, each to  a f in a l concen tra tion  o f 50gg /m l. The b ro th  was 
m ixed th o ro u g h ly  p r io r  to  p o u rin g  25m l in to  each p lastic  d ish. The surface o f 
the agar was flam ed before  rep lac ing  the lid . The agar was a llow ed to  set at 
room  tem pera ture . The plates were then  stored at 4 %  and d ried  at 3 7 %  before 
use.
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2.16  P re p a ra tio n  o f  c o m p e te n t E. coli ce lls  a n d  t ra n s fo rm a tio n
w ith  p la s m id  DN A
Sambrook et ah, 1989
A s ing le  co lo n y  o f X L l-B lu e  E. coli ce lls  (S tratagene) was p icke d  fro m  a 
g lucose /m in im a l m ed ium  p la te  (section 2.2) and incuba ted  at 3 7 %  o ve rn ig h t 
w ith  v ig o ro u s  shaking  in  5m l o f  2x YT m ed ium  (section  2.2), co n ta in in g  
10}xg/ml te tracyc line . 40m l o f 2x YT m ed ium  ( in  a s te rile  250m l flask) were 
inocu la ted  w ith  400^^1 o f the o ve rn igh t cu ltu re . The m ix tu re  was re tu rn e d  to  a 
shaking in c u b a to r fo r  2-4 hours u n t i l  the Asso was 0.6-0.7. The cu ltu re  was 
then centrifuged at 1500g fo r  5 m inutes at 4 % . The cells were kept on ice from  
th is p o in t onwards. The supernatant was discarded and the cells resuspended in  
20m l o f sterile, ice cold 50m M  CaCl2 . They were then le ft on ice fo r  20 m inutes 
p r io r  to  ce n tr ifu g a tio n  at 1500g fo r  2 m inutes at 4 % . The supe rna tan t was 
discarded and the cells resuspended in  4m l o f cold, s te rile  50m M  CaCl2 . The 
com pe ten t cells c o u ld  be used d ire c t ly  fo r  tra n s fo rm a tio n . However, the 
e ffic iency  o f tra n s fo rm a tio n  ob ta ined was increased i f  the cells were stored on 
ice  fo r  se ve ra l h o u rs  b e fo re  use. A f te r  24 h o u rs  th e  e ff ic ie n c y  o f  
tra n s fo rm a tio n  begins to  decrease. Using a cold, sterile p ipe tte  tip , 200gl o f the 
com petent cells were tra n s fe rre d  to  each o f the re q u ire d  num be r o f s te rile  
Eppendorf tubes. l\xl o r  4\il o f the lig a tio n  m ix tu re  (section 2.14) were added to 
each tube. The contents o f the tubes were m ixed by  gentle sw irlin g  and stored 
on ice fo r  30 m inutes. C ontro ls  were in c lud ed  i.e. com pe ten t cells w ith  no 
p lasm id and com petent cells w ith  undigested plasm id. The m ixtures were placed 
in  a 4 2 %  w a te r ba th  fo r  90 seconds w ith o u t shaking. The tubes were then  
tran s fe rred  ra p id ly  to  an ice ba th  and ch illed  fo r  1-2 m inutes. SOOfil o f 2x YT 
m ed ium  were added p r io r  to  in cuba tio n  at 37%  fo r  45 m inutes, to  a llow  the 
bacteria  to  recover and to  express the an tib io tic  resistance gene encoded on the 
plasm id. The tubes were cen trifuged  b r ie f ly  in  o rder to  pe lle t the cells and SOO^ il 
o f the supernatant were discarded. The samples were m ixed b r ie f ly  on a vo rtex  
m ixe r to  resuspend the cells p r io r  to  tra n s fe rr in g  th e m  to  L-am p p lates 
conta in ing X-gal and IPTG (section 2.15). The cells were spread even ly over the 
surface o f the p la te  using a ce ll spreader. The plates were then  in ve rte d  and 
incubated at 37% . Colonies usua lly appeared a fte r 12-16 hours.
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2.17 C u ltu re  a n d  p u r i f ic a t io n  o f  t ra n s fo rm e d  ce lls
W hite colonies fro m  the plates o f transfo rm ed  cells were p u r if ie d  by  scrap ing 
them  fro m  the plates using a sterile  w ire  loop, streaking on to  L-amp plates and 
grow ing at 3 7 %  overn ight. The plates can then be stored fo r  a pe riod  o f up to  4 
weeks at 4 %
2.18 S to rage  o f  t ra n s fo rm e d  ce lls  in  g ly c e ro l 
Sambrook et a/., 1989
5m l o f L -b ro th  (section 2.2) con ta in in g  a m p ic ill in  (50 ixg /m l) was inocu la te d  
w ith  a co lony o f the app rop ria te  transfo rm ed  cells fro m  a p la te  (section 2.16) 
and c u ltu re d  o v e rn ig h t a t 3 7 %  w ith  m ix in g  a t 250 rp m . 0 .15m l o f s te rile  
g lycero l was added to  0.85m l o f E. coli ove rn igh t cu ltu re . The sample was vo rtex  
m ixed  to  ensure th a t the  g lyce ro l was even ly  d ispersed. The c u ltu re  was 
transfe rred  to  a labelled storage tube and frozen in  e th a n o l/d ry  ice o r in  liq u id  
n itrogen  p r io r  to  long te rm  storage at -7 0 %
To recover the bacteria, the frozen  surface o f the c u ltu re  was scraped w ith  a 
s te rile  in o cu la tin g  needle and the bacte ria  th a t adhered to  the needle were 
s treaked im m e d ia te ly  on to  the  surface o f an LB agar p la te  (section  2.2) 
conta in ing  the app rop ria te  an tib io tics . The plate was then  incuba ted  ove rn igh t 
at 3 7 %
2.19  P la s m id  p r e p a ra t io n
Plasmid prepara tions can be ca rried  ou t on small, m ed ium  o r large scale. This 
sub -section  describes the  techn iques  used fo r  sm a ll and  m e d iu m  scale 
p repa ra tions .
2 .19 .1  P lasm id  p re p a ra t io n  - m in ip re p  
B irnbo im  et al., 1979
1.5m l o f a 5m l overn igh t cu ltu re  o f transform ed cells in  L -b ro th  p lus a m p ic ill in  
was tra n s fe rre d  to  a s te rile  E ppendo rf tube and the cells were p e lle ted  by 
ce n tr ifu g a tio n  at 12000g fo r  10 m inutes. They were resuspended in  0 .1m l o f 
so lu tion  A (section 2.2) then le ft  on ice fo r  30 m inutes be fore  the a d d itio n  o f 
200[a1 o f so lu tion  B (section 2.2). They were then incubated on ice fo r  5 m inutes.
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When the m ix tu re  became clear, ISOtxl o f 3.0M NaOAc (pH 4.8) (section 2.2) were 
added and the sample le ft on ice fo r  30 m inutes to p rec ip ita te  chrom osom al DNA 
and p ro te ins . The m ix tu re  was ce n trifuged  at 12000g fo r  10 m inutes be fore  
tra n s fe rr in g  the  p lasm id  con ta in ing  supernatant to  a fresh  Eppendorf. 1ml o f 
co ld e thano l was added in  o rde r to  p rec ip ita te  the nucleic acids and the tube was 
stored at -2 0 %  fo r  30 m inu tes. The nuc le ic  acids were th e n  p e lle te d  by 
cen trifuga tion  at 1 2 0 0 0 g fo r  1 0  m inutes, rinsed w ith  ice cold e thano l and d ried  
under a vacuum. The sample was then  redissolved in  25gl o f  TE b u ffe r  (section
2.2). A liquots were analysed by gel electrophoresis (section 2.8) to  co n firm  the 
presence o f p lasm id . The samples can be digested w ith  re s tr ic t io n  enzymes 
(section 2 .1 2 ) to  ensure the presence o f insert in  the plasm id.
2 .1 9 .2  P lasm id  p re p a ra t io n  - m id ip re p
In  o rd e r  to  c a r ry  o u t ch rom osom e m a p p in g  e xp e rim e n ts  b y  in  situ  
h yb rid iza tio n , a m id ip re p  o f p lasm id  clone was p repa red  and p u r if ie d  using a 
Qiagen 100 co lu m n  (Q iagen Inc .). Th is  was c a rrie d  o u t acco rd ing  to  the 
m anufacture r's  recom m endations (Q iagenologist 3 rd  Edn.):~
A 20m l overn igh t cu ltu re  o f E, coli con ta in ing  the p lasm id  clone was grown in  
T b ro th  (section 2.2) conta in ing 50gg/m l am p ic illin . The ove rn ig h t cu ltu re  was 
cen trifuged  at 1400g fo r  10 m inutes at 4 %  and the superna tan t was discarded. 
The bacte ria l pe lle t was resuspended in  4m l o f b u ffe r  P I (section 2.2). 4m l o f 
b u ffe r P2 (section 2.2) were then  added and the sample was m ixed by invers ion  
p r io r  to  incuba tion  at room  tem pera ture  fo r  5 m inutes. 4m l o f  b u ffe r P3 (section
2.2) were added and the sample was m ixed im m ediate ly by inversion. The sample 
was then  ce n tr ifu g e d  at 30000g fo r  30 m inutes at 4 % . The superna tan t was 
rem oved p ro m p tly  and cen trifuged  again at 30000g fo r  20 m inutes a t 4^C in  
o rd e r to  o b ta in  a p a rt ic le  free  lysate. A Qiagen t ip  100 (Q iagen Inc.) was 
e q u ilib ra te d  w ith  3m l o f  b u ffe r  QJBT (section 2.2) and a llow ed to  em pty  by 
g ra v ity  flow . The pa rtic le  free lysate was then loaded and allowed to  en te r the 
res in  by  g ra v ity  flow . The t ip  was washed w ith  10ml o f b u ffe r QD (section 2.2). 
The DNA in  the eluate was then  p rec ip ita ted  w ith  0.7 volum es o f isop ropano l 
(equ ilib ra ted  to  room  tem pera ture) and pe lle ted by  cen trifu g a tio n  at 4 %  fo r  30 
m inu tes at 30000g. I t  was th e n  washed w ith  70% e tha no l, a ir  d r ie d  and 
redissolved in  lOOgl TE (pH 7.6) (section 2.2).
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2.20  S anger d id e o x y  se q u e n c in g
Several adaptations have been made to  the o rig in a l p ro to co l fo r  Sanger d ideoxy 
sequencing to  a ffo rd  i t  m ore  f le x ib il i ty  w ith  respect to  re ce n tly  deve loped 
m o lecu la r b io lo g y  techniques (Sanger e t ai., 1977). In  th is  sub-section several, 
o f these varia tions used in  th is  research are described.
2 .20 .1  P re p a ra tio n  o f  s in g le  s tra n d e d  DNA fro m  X L l-B lu e  
t ra n s fo rm a n ts  fo r  use in  sequenc ing  
Blondel et ai., 1991
50gl o f 2x YT m edium  (section 2.2) in  a sterile  E ppendorf tube  were inocu la ted  
w ith  a co lony fro m  a plate o f the app ro p ria te  phagem id trans fo rm an t. This was 
vortexed b r ie f ly  to  resuspend the cells. 1 ^ 1  o f  h igh  t it re  phage stock (> 1 0 ^^ 
p laque fo rm in g  u n its /m l M 13K07 he lper phage-Promega) was added to  the cells 
and these were incubated fo r  15 m inutes at room  tem pera ture . SOOjxl o f 2x YT 
m e d iu m  c o n ta in in g  a m p ic ill in  (1 5 0 g g /m l)  w ere added  and the  m ix tu re  
incubated at 3 7 %  w ith  shaking (250 rpm ) fo r  60-75 m inutes. 200[a1 o f  the cell 
m ix tu re  were tra n s fe rre d  to  4 m l o f  2x YT m ed ium  c o n ta in in g  ka n a m yc in  
(75jxg/m l) and a m p ic illin  (150^ig/m l). The tube was incubated fo r  18-21 hours at 
37%  w ith  shaking (250 rpm ). A fte r  incuba tion , the cells were p re c ip ita te d  by 
c e n tr ifu g a tio n . The su p e rn a ta n t was tra n s fe rre d  to  a fre s h  tube  and the  
phagem id was p rec ip ita ted  fro m  the supernatant by  the a d d itio n  o f 2 0 0 fxl 2 0 % 
PEG 6 0 0 0 /2 .5M NaCl per 1.3m l o f supernatant w ith  in cu b a tio n  fo r  2-3 hours at 
room  tem pera ture . The DNA was sedimented by cen trifuga tion  at 12000g fo r  10 
m inutes and, a fte r d iscard ing the supernatant and washing in  ethanol, the DNA 
was d r ie d  un d e r a vacuum  and resuspended in  100[xl o f  TE b u ffe r  (pH 7.6) 
(section  2 .2). The DNA was p u r if ie d  by  e x tra c tio n  w ith  50^1 o f  T ris -H C l 
e q u ilib ra te d  pheno l (pH>7.6) (Fisons) fo llow ed by 50|xl o f  ch lo ro fo rm : isoam yl 
a lcohol (49:1 v /v ) .  It was then ethanol p rec ip ita ted  (section 2.10). The pe lle t was 
then dissolved in  50gl o f TE (pH 7.6) (section 2.2). 5gl o f th is  were exam ined on a 
1% agarose/TBE gel (section 2.8).
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2 .2 0 .2  D id e o x y  sequenc ing  o f  s in g le  s tra n d e d  DN A us ing  
Sequenase V e rs io n  2 .0  ( ™ )
P repara tion  o f sequencing gel:-
42g o f urea were added to  15m l o f 40% stock acry lam ide so lu tion  (acrylam ide: 
b isacrylam ide 19: 1) (NBL). 10m l o f lO x TBE bu ffe r (section 2.2) were added and 
the to ta l vo lum e was made up to  1 0 0 m l w ith  water, 600}xl o f  fre sh ly  p repa red  
am m onium  persulphate so lu tion  (10% w /v )  were added w ith  lOOjxl TEMED (BDH). 
The so lu tion  was m ixed th o ro u g h ly  before p o u rin g  the  gel. The gel was then 
allowed to  polym erise fo r  at least 30 m inutes before use.
P repa ra tion  o f samples fo r  sequencing was ca rrie d  o u t in  accordance w ith  
m anu fac tu re r's  in s truc tion s .
A nnea ling  m ix-
5|a1 (3-5|xg) o f single stranded DNA prep 
2lil HzO
2]i\ o f Sequenase 5x b u ffe r (200m M  Tris-HCl pH 7.5, lOOmM MgCl%, 250mM NaCl) 
l | i l  o f un iversa l p r im e r o r specific sequencing p r im e r (0 .5pm o l pe r reaction)
This m ix tu re  was placed in  a w ater bath  at 6 5 %  fo r  5 m inutes. The bath was th e n  
sw itched o f f  and allow ed to  cool u n t il i t  had reached 4 0 % . The samples w ere 
then stored on ice. W hile  the annealing reaction  was cooling, 2.5gl o f each o f 
the fo u r  te rm in a tio n  m ix tu res  (each con ta in ing  SO^-M each dNTP, 8 gM o f  the  
specific ddNTP and 50m M  NaCl) were added to  a p p ro p ria te ly  labe lled  tubes. 
These were placed at 3 7 %  to  a llow  the m ix tu re  to  warm . The labe lling  m ix  was 
d ilu ted  5 fo ld  in  sterile d is tilled  w ater to  provide  the w o rk in g  conce n tra tio n  and 
stored on ice u n t il use. The Sequenase enzyme (Version 2.0) was d ilu ted  8  fo ld  in  
enzyme d ilu t io n  b u ffe r (lO m M  Tris-HC l pH 7.5, 5mM DTT, 0 .5 m g /m l BSA) and 
stored on ice u n t il requ ired.
Reagents were added to  the annealed DNA m ix tu re  in  the fo llow ing  order:- 
Ig l O .IMDTT, 2[d d ilu ted  labe lling  m ix, 0.5gl [a dATP 600C i/m m ol, 2gl d ilu ted  
Sequenase Version 2.0.
The contents o f the tubes were then m ixed and incubated fo r  5 m inutes at room  
tem pera ture .
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T e rm in a tio n  Reaction
3.5 [a1 o f  la b e llin g  reac tion  were tra n s fe rre d  to  each o f  the  fo u r  p re -w arm ed 
te rm in a tio n  m ix tu re  tubes. These were incubated at 3 7 %  fo r  5 m inutes a fte r 
b r ie f  c e n tr ifu g a tio n  to  m ix  the  flu id s . The reactions were s topped by  the 
a d d itio n  o f 4gl o f stop so lu tio n  (95% form am ide , 20m M  NazEDTA, 0.05% w /v  
brom opheno l blue, 0.05% w /v  xylene cyanol FF) and b r ie f cen trifuga tio n  to m ix  
the flu ids  at the base o f the Eppendorf tubes. The samples were placed at 95%  
fo r  2 m inutes before load ing 2pl-4\xl o f each sample on to  the gel to  separate the 
DNA double strands.
D enatu ring  Gel E lectrophoresis
Before load ing the samples, the gel was p re -ru n  fo r  app ro x im a te ly  one h o u r at 
50W to  a llow  the gel to heat. Heating the gel is im p o rta n t in  o rd e r to  keep the 
DNA dena tu red  and fac ilita tes  b e tte r re so lu tio n  o f DNA single strands. The 
ru n n in g  b u ffe r  was I x  TBE b u ffe r  (section  2.2). The gel was loaded  and 
e lectrophoresed fo r  2 hours o r 5 hours before fix in g  fo r  20 m inutes in  10% 
acetic a c id /10% m ethanol. The gel was then  rem oved fro m  the  f ix in g  so lu tion , 
dra ined and attached to  W hatman 3MM paper p r io r  to  d ry in g  u n d e r vacuum  fo r  
approx im ate ly  one h o u r w ith  heating (80% ). Once the gel was com ple te ly d ry  i t  
was exposed to  X-ray f i lm  (Am ersham  H yp e rfilm ) fo r  up  to  one week before  
deve lop ing .
2 .20 .3  D id e o xy  sequenc ing  o f  c lo ned , d o u b le  s tra n d e d  DNA 
u s in g  Sequenase V e rs io n  2 .0  (TM)
Double s tranded DNA was p repa red  by the Qiagen t ip  100 m id ip re p  m ethod 
(section 2.19.2). A  sample o f th is double stranded DNA was used fo r  sequencing 
using the Sequenase Version 2.0 sequencing k it. The p ro toco l fo llow ed  was fro m  
the "sequencing double stranded DNA" section o f the Sequenase booklet. 5ng o f 
sample DNA were made up to a volum e o f lO gl w ith  sterile  d is tille d  water. lO gl o f 
0 .4 M N aO H /0 .4 M N a 2 EDTA were then  added. This m ix tu re  was incubated at 37%  
fo r  30 m inutes p r io r  to  neu tra lisa tion  w ith  2gl o f 3M NaOAc (pH 4.8). The DNA 
was p re c ip ita te d  at -7 0 %  fo r  30 m inu tes a fte r the a d d it io n  o f SOjxl o f co ld  
e thano l. I t  was sedim ented b y  ce n tr ifu g a tio n , d ra in ed  and rinsed  w ith  70% 
ethano l p r io r  to  d ry ing  unde r a vacuum. The pe lle t was then  dissolved in  7fxl o f 
s te rile  d is t i lle d  w a te r and 2gl Sequenase re a c tio n  b u ffe r  p lus  0 .5 p m o l o f
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U niversal o r Reverse U niversa l sequencing p r im e r were added. The subsequent 
steps were exactly the same as those fo r  sequencing single stranded DNA using 
the Sequenase k it  (section 2.20.2).
2 .20 .4  ATaq  DNA p o lym e ra se  cyc le  sequenc ing  o f  d o u b le  
s tra n d e d  DNA
The d e lta  Taq cyc le  sequenc ing  k i t  (USB) p ro to c o l was used w ith o u t 
m od ifica tion . This was as fo llow s:-
de lta  Taq DNA polym erase Version 2.0 was d ilu te d  8  fo ld  in  ice co ld  enzyme 
d ilu t io n  b u ffe r (lO m M  Tris-HCl pH 8.0, Im M  2-mercaptoethanol, 0.5% Tween-20, 
0.5% N on id e t P-40) and s to red  on ice. A single la be llin g  reac tion  was th e n  
pe rfo rm ed fo r  each sample by  the add ition  o f 0 .5pm ol U niversa l p r im e r to  0.1 gg 
plasm id DNA in  a sterile  Eppendorf tube. 2gl o f  reaction  b u ffe r  (260m M  Tris-HCl 
pH 9.5, 65m M  MgCQ), Ig l o f  dGTP cycle m ix, Ig l dCTP cycle m ix, 0.5gl o f  [a-35g] 
dATP 600Ci/m m ol, 2gl o f  de lta  Taq Version 2.0 (d ilu ted  1 /8 ) and 5gl o f H2 O. The 
samples were overla id  w ith  15gl o f m ine ra l o il and were cycled 45 times at 9 5 %  
fo r  15 seconds and 6 0 %  fo r  30 seconds.
T e rm in a tio n  Reactions
4|xl o f each o f ddGTP, ddCTP, ddATP and ddTTP (15jxM each dNTP and 300gM the 
specific ddNTP) were added to  a p p ro p ria te ly  labe lled  tubes. These were stored 
u n t i l  the la be llin g  reactions were com plete. 3.5gl o f  la b e llin g  m ix  were then  
tra n s fe rre d  to  each o f  the  fo u r  tubes c o n ta in in g  te rm in a tio n  m ixes. The 
so lu tions were then  m ixed and o ve rla id  w ith  lOO^il m in e ra l o il. The samples 
were then  subjected to  45 cycles o f 9 5 %  fo r  30 seconds and 7 2 %  fo r  2 m inutes. 
W hen c y c lin g  was com ple te , 4gl o f  stop so lu tio n  (95%  fo rm a m id e , 20m M  
Na2 EDTA, 0.05% brom ophenol blue, 0.05% xylene cyanol FF) were added to each 
te rm in a t io n  re a c t io n . The  sam ples w e re  th e n  h e a t d e n a tu re d  a nd  
electrophoresed as described in  section 2.20.2. The resu lting  gel was exposed to 
X-ray f i lm  (Am ersham  H yp e rfilm ) fo r  fo u r  days before developing.
2 .2 0 .5  S equenc ing  o f  D yn abea d  im m o b ilis e d  b io t in y la te d  PCR 
p ro d u c ts
PCRs were ca rried  o u t as described in  section 2.7.2 and they were then used in  
d ire c t sequencing. PCR p rodu c ts  were e thano l p re c ip ita te d  (section 2.8) and
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resuspended in  80gl o f  TE (pH 7.6) (section 2.2). 40gl o f th is  p ro d u c t were then  
used to  sensitise 20gl o f Dynabead suspension (D yna l Inc.) accord ing  to  the 
Dynal p ro toco l as fo llow s:-
A  tube  co n ta in in g  20gl o f  Dynabeads M -280 S trep tav id in^™ ) ( lO g g /g l)  was 
p laced  in  the  m agne tic  p a r t ic le  co n c e n tra to r (MPC) and  the  supe rn a ta n t 
rem oved w ith  a p ipe tte  w h ile  keeping the tube in  the magnet. The beads were 
resuspended in  20^1 o f  I x  BW b u ffe r  (section  2.2) and m ixed  g e n tly . The 
supernatant was rem oved as before. 40gl o f the prewashed beads were added to 
40gl o f  the  PCR a m p lifie d  p ro d u c t and in cuba ted  fo r  15 m inu tes a t room  
tem pera ture  w ith  m ix ing . The tube was placed in  the MPC and the supernatant 
removed. The beads were washed w ith  40gl o f I x  BW b u ffe r and resuspended in  
8 gl o f fresh ly  p repared O .IM  NaOH. This was incubated at room  tem pera ture  fo r  
10 m inutes. The tube was placed in  the MPC and the NaOH rem oved. The beads 
were washed once w ith  50gl O .IM  NaOH, once w ith  40gl I x  BW b u ffe r  and once 
w ith  50gl TE b u ffe r  (section 2.2). The supernatant was rem oved and the beads 
were resuspended in  17gl H2 0 .8 .5g l o f th is  were used fo r  sequencing by the  
Sequenase m ethod (section 2.20.1).
The N aO H -denatured, u n b io t in y la te d  c o m p le m e n ta ry  s tra n d  was e th a n o l 
p rec ip ita ted  (section 2.10) and resuspended in  lO gl o f TE (pH 7.6) (section 2.2). 
Th is  was ana lysed on a 1% agarose/TBE gel (section 2.8) to  c o n firm  th a t 
dissociated single strands had been recovered.
2 .2 0 .6  A u to m a te d  sequenc ing  o f  DNA
T h is  te ch n iq u e  in v o lv e d  the  use o f  th e  Taq DyeDeoxy T e rm in a to r Cycle 
Sequencing K it (A p p lie d  Biosystems Inc.) and the A p p lie d  Biosystems M odel 
373A autom ated sequencer. Autom ated sequencing was pe rfo rm ed  accord ing  to 
the  m a n u fa c tu re r's  in s tru c tio n s . Reaction m ixes co n ta in in g  ta rg e t DNA and 
sequencing p r im e r  in  the  q u a n titie s  shown below were p repa red  in  a to ta l 
volum e o f 10.5 gl.
s in g le  s tra n d e d  DNA ta rg e t
5gl o f lO O ng/gl single stranded DNA + O.Spmol p rim e r 
d o u b le  s tra n d e d  D N A ta rg e t
5gl o f 200-250ng/g l double stranded DNA + 3.2pm ol p rim e r
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PCR p ro d u c t  ta rg e t
40ng o f PCR p roduc t + 3.2pm ol p rim e r
9.5 111 o f reaction m ix  were then added to  the sample. The reaction m ix  is supplied 
by  ABI (A pp lied  Biosystems Inc.) and su ffic ien t m ix  fo r  one sample contains 4gl 
5x TAGS b u ffe r (400m M  Tris-HCl pH 9.0, lO m M  MgClz, lOOmM (NH4)2S04), Ig l 
dNTP m ix  (750 \iM  dITP, 150|xM dATP, 150gM dTTP, ISO^iM dCTP), Ig l o f  each 
dyedeoxy te rm in a to r (ddATP, ddGTP, ddTTP, ddTP) and 0 .5 [il A m p liT a q  DNA 
polymerase ( 8 U /{il). The 20|il sample was then overla id  w ith  40 |il o f m ine ra l o il 
and p laced in  a pre-heated th e rm a l cyc le r at 96^C. The samples w ere th e n  
th e rm a lly  cycled using 25 rounds o f  96°C fo r  30 seconds, 50^C fo r  15 seconds 
and 60°C fo r  4 m inutes. The samples were then cooled ra p id ly  to  4°C
A fte r  cyc ling , 80^1 o f H2 O were added to  the sample p r io r  to  c e n tr ifu g a tio n  at 
12000g fo r  10 m inutes. The sample was rem oved fro m  u n d e r the  o il and 2 
p h e n o l/c h lo ro fo rm  ex trac tions  were ca rrie d  o u t to  rem ove excess dye. The 
sample was then ethanol p rec ip ita ted  (section 2 .1 0 ) and d rie d  u n d e r a vacuum  
p r io r  to  resuspension in  4gl o f deionised form am ide and heating  to  95°C fo r  2 
m inu tes . The sam ple was th e n  lo aded  o n to  an a p p ro p r ia te ly  p re p a re d  
sequencing gel (section 2 .2 0 .2 ).
2 .2 0 .7  Use o f  s e n s itize d  D ynabeads fo r  a u to m a te d  sequenc ing
This was ca rried  ou t accord ing to  the A pp lied  Biosystems User B u lle tin  num ber 
21. 20m-1 o f Dynabeads M -280 S tre p ta v id in  (D yna l) w ere tra n s fe rre d  to  an 
E ppendorf tube and placed in  the MFC. The supernatant was rem oved and the 
beads were washed in  1 vo lum e o f TTL b u ffe r  (section 2 .2). They were then 
resuspended in  1 vo lum e TTL b u ffe r. The b io tin y la te d  PCR p roduc ts  (section
2.7.2) were bound onto  the beads by  add ing 20^1 o f the washed beads to  each 
40|il o f PCR p roduc t, fo llow ed by  in cuba tio n  fo r  15 m inutes a t 37°C. The beads 
were th e n  washed tw ice  in  lOOfxl o f TT b u ffe r  (section 2.2). The liq u id  was 
rem oved, the beads resuspended in  lOOgl 0 .15M NaOH and incuba ted  fo r  5 
m inutes at room  tem pera ture  to  denature the double stranded PCR product. The 
supernatant was rem oved. The beads were then  washed b r ie f ly  in  0 .15M NaOH 
and neu tra lised  by washing tw ice  in  lOOjil TT b u ffe r. The beads were th e n  
resuspended in  20^1 o f d is tilled  w ater and lOgl sensitised Dynabeads were m ixed 
w ith  1.5|xl o f 0 .5 p m o l/g l sequencing p rim e r. This was then  used fo r  autom ated 
sequencing as described in  section 2 .2 0 .6 .
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2 . 2 1  in  situ  h y b r id iz a t io n
This p rocedure  was ca rrie d  o u t a t the  Duncan G u th rie  In s titu te  fo r  M edica l 
Genetics, Y o rkh ill, Glasgow.
Probe labe lling  by  n ick  tran s la tio n  (BRL n ick  tran s la tio n  k it  )
The fo llow ing  reagents were added sequentia lly  to  an Eppendorf tube:- 
5gl BRL k it  so lu tion  A4 (section 2.2), l\ig  o f DNA to  be labelled, 2.5gl 0.4m M  
Biotin-11-dUTP and w ater to  make the volum e to 45gl. 5gl o f  so lu tion  C (section
2.2) were added and th is was m ixed and incubated fo r  90 m inutes at 15^C. The 
reaction was stopped by the add ition  o f 5|xl o f so lu tion  D (section 2.2). The probe 
DNA was then p rec ip ita ted  by the a d d itio n  o f 4.6gl 3M sodium  acetate (pH 5.2), 
Ig l 20[Ag/fxl glycogen and 122^1 iced ethanol, and the sample was vo rte x  m ixed. 
Th is was then  c e n tr ifu g e d  fo r  30 m inu tes at 12000g. The supe rna tan t was 
rem oved and the pe lle t d rie d  under vacuum. 10^1 TE b u ffe r  (section 2.2) were 
added to  give a f in a l p robe concen tra tion  o f lOOng/gl. The sam ple was then 
vo rte x  m ixed and cen trifuged  b r ie f ly , be fore  in cuba tin g  a t room  tem pera tu re  
fo r  2 hours. Occasional vo rtex ing  and cen trifu g a tio n  were pe rfo rm ed  to  ensure 
so lu tion  o f the pellet, p r io r  to  storage at -20®G
Chromosome band ing
Chromosome metaphase spreads were prepared  on glass m icroscope slides by  
standard cytogenetic m ethods. The chrom osom e spreads were trea ted  w ith  1% 
Lip  sol fo r  10-15 seconds and  r in se d  w ith  sa line (0.95%  w /v ) .  1; 4 (v :v ) 
Leishmann's stain in  pH  6 . 8  b u ffe r was added fo r  2.5 m inutes, then the samples 
were rinsed  w ith  pH 6 . 8  b u ffe r. A fte r  banding, the slides were m oun ted  in  
b u ffe r, b lo tte d  d ry  and pho tog raphed. W ell-banded and -spread metaphases 
w ith in  20 V e rn ie r  scale u n its  a long  the  s lide  le n g th  w ere chosen fo r  
h y b r id iz a tio n  (th is  represents an area o f app rox im a te ly  2cm ^). These areas on 
the slides were m arked w ith  a d iam ond pencil. The slides were soaked in  b u ffe r 
u n t il the cover s lip  cou ld  be rem oved and they were then  destained in  a 50%, 
70%, 90%, 100% ethanol series, and a ir dried.
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Slide p repa ra tion  (Cambio chromosome pa in ting  k it)
Fresh slides were prepared fro m  3:1 m ethanoliacetic acid fixed  p repara tions and 
a ir  d r ie d . A  2cm ^ area was selected and  m arke d  fo r  h y b r id iz a t io n . The 
chromosomes were fixed  fo r  1 h o u r in  3:1 m ethanokacetic acid (v /v )  and a ir  
d ried . They were then  dehydra ted  by  seria l e thano l washing (70%, 70%, 90%, 
90%, 100%) and d ried  ove rn igh t at 42®C. The app ro p ria te  vo lum e o f p a in t was 
denatured (15^1 pe r slide) by  incuba tion  at 65®C fo r  10 m inutes. The p a in t was 
tra n s fe rre d  to  a w a te rba th  at 37^C and incubated fo r  1 hou r. M eanwhile, the 
chrom osom es on  the  slides were de n a tu re d  b y  in c u b a tio n  in  70% (w /v )  
form am ide in  2x SSC (section 2.2) at 65^C fo r 2 m inutes. The chromosomes were 
then quenched in  ice co ld  70% ethanol and dehydrated using ethanol as above, 
before a ir  d ry ing . 15^1 o f p robe were p ipe tted  onto  each slide. The slides were 
o v e r la id  w ith  a 2 2 x 2 2 m m  cove rs lip , sealed w ith  cow gum  and incuba ted  
ove rn igh t at 42®G
Detection
500m l o f wash so lu tion  A were prepared (100m l 2x SSC (section 2.2), 250gl Tween 
20, 25g d r ie d  skim m ed m ilk )  and cen trifuged  at 400g fo r  10 m inutes. Three 
Coplin  ja rs o f form am ide: 2x SSC (1:1) were prew arm ed at 42^C. The d ried  cow 
gum  was ca re fu lly  rem oved fro m  the slides and they were rinsed  in  the f ir s t  
ja r  o f 2x SSC. The slides were washed tw ice by incuba ting  fo r  5 m inutes at 42°C 
in  each o f  the two ja rs con ta in ing  form am ide ; 2x SSC (1 :1), fo llow ed  by tw o 5 
m inu te  washes at 42®C in  each o f the two ja rs conta in ing 2x SSC. They were th e n  
in cuba ted  in  wash so lu tio n  A  at 37^C fo r  30 m inutes. M eanwhile, a 500 fo ld  
d ilu t io n  o f detection layer 1 (fluoresce in  av id in  2 m g /m l (Sigma)- 0.25% in  wash 
A) and a 250 fo ld  d ilu t io n  o f detection laye r 2 (b io tin y la te d  a n ti-av id in  2 m g /m l 
(S igm a)- 0.25%  in  wash A) were p repa red . These were in cuba ted  a t room  
tem pera ture  fo r  a m in im u m  o f 1 0  m inutes, centrifuged fo r  1 0  m inutes at 1 2 0 0 0 g 
and the supernatants were re ta ined fo r  use. A fte r the slides had been incubated, 
1 0 0 |il o f the d ilu ted  detection layer 1 were p ipetted onto the slides and they were 
covered w ith  a glass 32x22m m  coverslip. These were incubated at 37^C fo r  15-20 
m inutes in  a h u m id if ie d  box. The slides were then washed three tim es in  wash 
so lution A  at 42°C fo r  5 m inutes. Detection layer 2 was added and the slides were 
incubated at room  tem pera tu re  fo r  15-20 m inutes in  a h u m id if ie d  box. They 
were then  washed tw ice in  wash so lu tion  A  at 42°C fo r  5 m inutes. The slides 
were again incubated w ith  d ilu te d  detection layer 1 at room  tem pera ture  fo r  15-
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20 m inutes in  a h u m id ifie d  box and were then rinsed tw ice in  wash so lu tion  A  at 
42%  fo r  5 m inutes. They were then  rinsed tw ice in  4x SSC (section 2.2) plus 
0.05% (v /v )  Tween 20 fo r  5 m inutes at room  tem perature, l^ il o f coun ters ta in  1 
(DAPI (Sigma) 4 0g g /m l d ilu te d  1 /5 0  in  C itif lu o r A P I) was fu r th e r  d ilu te d  w ith  
9^1 o f d is tilled  water. Ig l o f  coun te rs ta in  2 (PI (Sigma) 20g g /m l d ilu te d  1 /5 0  in  
C it if lu o r  A P I) was fu r th e r  d ilu te d  w ith  49^1 o f d is tille d  w ater. 6 jxl o f  d ilu te d  
coun te r s ta in  1 and 6[ji1 o f d ilu te d  coun te r sta in 2 were then  added to  2 0 0 gl o f 
m oun tan t. The slides were dehydra ted  using an e thano l series, a ir  d r ie d  and 
m oun ted  by  add ing  20gl o f the  m o u n ta n t/c o u n te rs ta in  m ix tu re . They were 
ove rla id  w ith  a 32x22m m  covers lip  and sealed w ith  n a il varn ish . Slides can be 
stored in  the da rk  at 4 %  and v iew ed using standard  ep ifluoresence f ilte rs  fo r  
PITC and fo r  coun ter stains (p ro p id iu m  iodide).
2 .22 P re p a ra tio n  o f  to ta l ge n o m ic  DNA
2.22.1  Is o la t io n  o f  to ta l genom ic  DNA fro m  w h o le  b lo o d  I 
H errm ann et a l, 1987
30m l o f lysis b u ffe r (section 2.2) were added to  10m l o f anticoaggu lated whole 
b lood in  a sterile 50m l plastic tube. The sample was stored on ice fo r  15 m inutes, 
w ith  occasiona l gentle  shaking . The m ix tu re  was th e n  c e n tr ifu g e d  fo r  10 
m inutes at 650g in  a tab le  top  centrifuge. The supernatant was discarded, the 
pe lle t resuspended in  10m l o f  lysis b u ffe r and stored on ice fo r  5 m inutes. The 
cen trifuga tio n  step was repeated and the resu lting pe lle t was washed once w ith  
5m l o f  lysis b u ffe r and resuspended in  4 .5m l o f 75mM NaCl, 25m M  Na2 PDTA (pH 
8.0). To the hom ogeneous suspension, 0 .5m l o f p ro te inase K ( lO m g /m l)  and 
0.25m l 20% SDS were added at room  temperature. The tube was m ixed gen tly  and 
incubated at 3 7 %  o ve rn igh t on a s low ly  rock ing  p la tfo rm . This gave a c lear 
so lu tion  a fte r prote inase K digestion. I t  was tran s fe rred  in to  a f la t  sided glass 
bo ttle  w ith  a t ig h t cap and and 20m l o f Tris-HC l e q u ilib ra ted  pheno l (pH>7.6) 
(Fisons) was added. The bo ttle  was placed on a rocking p la tfo rm  fo r  1-3 hours at 
room  tem perature. The m ix tu re  was centrifuged in  a sterile  50m l p lastic tube in  
a table top  centrifuge fo r  10 m inutes at 1500g to separate the phases. The low er 
phenol phase was rem oved and discarded. The DNA con ta in ing  aqueous phase 
was trans fe rred  to a Corex (^M) tube and centrifuged at 7500g fo r  20 m inutes at 
25%  (to avoid p rec ip ita tion  o f the SDS). Protein and undissolved m ateria ls were 
p rec ip ita ted . The hom ogeneous supe rna tan t was then  d ia lysed  tw ice, fo r  6  
hours, against TE (pH 7.6) (d ilu tio n  fa c to r 1000) f irs t  at room  tem pera tu re  to
avoid SDS p re c ip ita tion , secondly at 4 % . A fte r dialysis, 0.8 volum es o f p ropano l 
and sodium  acetate (pH 6.5) to  a f in a l concentra tion  o f 0 .3M were added. The 
tube was inve rted  gently  and repeated ly and the p rec ip ita te  o f DNA was spooled 
out and washed sequentia lly  in  70%, 80%, 90%, and 100% ethanol. The DNA was 
a ir d ried  fo r  5 m inutes before d issolving in  TE b u ffe r (pH 7.6) (section 2.2).
2 .22 ,2  Is o la t io n  o f  to ta l genom ic  DNA fro m  w h o le  b lo o d  11 
M ille r et a l, 1988
10m l o f fresh whole b lood were added to  40m l o f b lood  lysis b u ffe r (section 2.2). 
The m ix tu re  was cen trifuged  at 1200g fo r  10 m inutes a t 4 % . The supernatant 
was discarded and the tube was allowed to  stand fo r  1 m inu te  to  a llow  drainage 
o f res idua l liq u id . The cell pe lle t was gen tly  resuspended in  3 m l o f nuc lear lysis 
b u ffe r  (section 2 .2). 200gl o f  10% SDS so lu tio n  and lOOgl o f  p ro te inase  K 
( lO m g /m l)  were added and the m ix tu re  was incubated at 3 7 %  fo r  18-24 hours. 
A fte r incuba tion , 1m l o f 5M NaCI was added. The m ix tu re  was then  extracted  
tw ice w ith  an equal vo lum e o f Tris-HC l e q u ilib ra ted  pheno l (pH>7.6) (Fisons) 
(v /v )  and once w ith  ch lo ro fo rm : isoam yl a lcohol (49:1 v /v ) .  2.5 volumes o f ice 
co ld e thano l were then added to  the supernatant and the DNA was spooled out. 
The DNA was then  washed in  100% ethano l before d ry in g  and resuspension in  
lOOgl TE b u ffe r  (section 2.2). The concen tra tion  o f the DNA was estim ated b y  
A260 measurement.
2.23 S o u th e rn  b lo t t in g
Southern, 1975, Sambrook et a i,  1989
2 .23 .1  B lo t p re p a ra t io n
lOgg to ta l genomic DNA were digested ove rn igh t at 3 7 %  w ith  approx im ate ly  60 
Units o f each re s tr ic tio n  enzyme in  a f in a l vo lum e o f 100^1 (section 2 .1 2 ). lOgl 
o f the m ix tu re  were then  used to  digest Igg  lam bda DNA (G ibco BRL) fo r  90 
m inu tes at 3 7 %  to  c o n f irm  s u ff ic ie n t enzym e a c t iv ity  rem a ine d  to  a llow  
com plete d igestion o f the to ta l genomic DNA. C on firm a tion  o f the com ple tion  o f 
the X DNA digestion was on a 1% agarose/TBE gel (section 2.8) a fte r the add ition  
o f 2\il TBE load ing dyes to  the sample (section 2.2). The digested to ta l genomic 
DNA was electrophoresed on a 1% agarose/TBE gel (section 2.7.6). 2gg e q u iva len t 
o f the  s ta rtin g  DNA (i.e. 20gl o f  d igest) were loaded  in  each track . A f te r  
e lectrophoresis, the gel was soaked in  0.2M HCl fo r  10 m inutes to  n ick  the DNA
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b y  d e p u r in a tio n . The gel was washed b r ie f ly  in  de ion ised  w a te r p r io r  to  
dena tu ring  the DNA by soaking the gel fo r  45 m inutes in  1.5M NaCl/ 0.5M NaOH 
w ith  gen tle  a g g ita tio n . The gel was r in s e d  in  d e io n ise d  w a te r be fo re  
n e u tra lis in g  fo r  30 m inu tes in  IM  T ris-H C l (pH 7 .4 ), 1.5M  NaCl at room  
tem pera ture  w ith  m ix ing. The b u ffe r  was then changed to a fresh so lu tion  and 
the gel was soaked fo r  a fu r th e r  15 m inutes. W hile the gel was ne u tra lis in g , a 
piece o f W hatm an 3 MM  paper was p laced over an in v e rte d  gel casting stand 
(the paper m ust overhang at bo th  ends). This was placed in  a large p lastic  box 
and 1 Ox SSC (section 2.2) was poured in to  the box u n t i l  the  leve l o f  the liq u id  
almost reached the top  o f  the support. W hen the 3 MM pape r was th o ro u g h ly  
dampened, a ir bubbles were sm oothed ou t w ith  a glass rod. A  piece o f Hybond N+ 
(A m ersham) n y lo n  f i l te r  s lig h tly  la rge r than  the gel was cu t and dam pened in  
deionised water. The f ilte r  was then im m ersed in  2x SSC (section 2.2) fo r  at least 
5 m inutes. The gel was rem oved fro m  the neu tra lisa tion  so lu tion  and in ve rted . 
I t  was placed on the suppo rt and centred on the w et 3 M M  paper, m aking sure 
th a t the re  were no a ir  bubbles. P a ra film  was p laced a round  the  gel to  
p reven t liq u id  flow ing  d ire c tly  fro m  the reservo ir to  the paper towels placed on 
top  o f the gel. The wet n y lo n  f i l te r  was placed on top  o f the  gel m aking  sure 
there were no a ir bubbles. Two pieces o f 3MM paper, cut to  the same size as the 
gel, were soaked in  2x SSC (section 2.2) and placed on top  o f  the  wet f ilte r .  A 
stack o f  paper towels (5-8cm  high) were then placed on top. A  glass p la te  was 
placed on top  o f the towels and weighed down. This was le ft fo r  18-24 hours. A t 
the end o f th is  tim e, the paper towels and upper 3MM paper were removed. The 
f i l te r  was then  rem oved and the po s itio n  o f the gel slots was m arked  w ith  a 
pencil. The f i l te r  was rinsed in  5x SSC (section 2,2) fo r  a m axim um  o f 1 m inute. 
The m em brane was then  trans fe rred  onto  d ry  3MM paper to  a llow  i t  to  a ir  d ry  
p r io r  to  storage at - 2 0 %  in  an a ir  t ig h t bag.
2 .2 3 .2  P robe  p re p a ra t io n
Qjagen p lasm id  m in ip re p s  (section 2 .19,2) were used fo r  p re p a ra tio n  o f  a 
labelled DNA fragm ent fo r  p rob ing  the b lo t described in  2.23.1. The fragm ent to 
be used as the p robe was extracted fro m  a p lasm id clone by re s tr ic tio n  enzyme 
d igestion using Bam HI and Sal I (section 2.12). The resu lting  fragm en t was gel 
p u r if ie d  on a 0.7% agarose gel (section 2.13). The gel band con ta in in g  the p robe  
fragm en t was labe lled  d ire c tly  in  the gel using the M egaprim e DNA la be llin g  
system (Amersham Inc.). The p ro toco l fo r  the labe lling  step was as fo llows:-
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The excised gel band was placed in  a preweighed Eppendorf tube  and w ater was 
added at a ra tio  o f  3m l H 2 O per gram  o f gel. This was p laced a t 100%  fo r  5 
m inutes in  o rde r to  m elt the gel and denature the double stranded DNA. 25ng o f 
the  p robe  were then  tra n s fe rre d  to  a fresh  E ppendo rf tube  in  a m axim um  
vo lum e o f 25gl. 5gl o f the  supp lied  p r im e r  (ran dom  n o n a m e r p r im e rs  in  
aqueous so lu tion  - details o f  concen tra tion  n o t supp lied) were then  added and 
the vo lum e was made up to  33 gl by  the  a d d itio n  o f s te rile  d is tille d  water. This 
was then  denatured fo r  5 m inutes at 100% . lOgl o f M egaprim e labe lling  b u ffe r  
so lu tion  2 (section 2.2), SOgCi o f  dCTP (3000C i/m m ol) and 2gl o f  enzyme 
so lu tio n  3 (section 2.2) were then  added, g iv ing  a f in a l vo lum e o f 50gl. This 
la b e llin g  re ac tion  was in cuba ted  a t 37%  fo r  30 m inu tes. The re ac tion  was 
stopped by the add ition  o f 5gl 0.2M Na2 EDTAand 20gg o f sonicated salmon sperm 
c a rrie r DNA in  lO m M  Tris-H C l (pH8.0), Im M  Na2 EDTA were then  added. The 
m ix tu re  was heated to  100%  fo r  5 m inutes and then used fo r  h yb rid iza tio n  to  the  
b lot.
The in co rp o ra tio n  o f rad io labe lled  dCTP in  the probe was m easured by p la c in g  
0.5 [il o f the labe lling  reaction  onto  a s trip  o f W hatm an 3M M  paper. The postion 
o f the sample was m arked and the low er end o f the s tr ip  was p laced in  0 .3 M 
am m onium  form ate (pH8.0). The am m onium  form ate was then allowed to  d iffuse 
to the upper end o f the s trip . The s tr ip  was then cu t in  h a lf  and the upper and 
low er po rtions  were p laced in  separate sc in tilla tio n  via ls and counted using the 
Cerenkov channel o f a s c in tilla tio n  counter. The sum o f counts fro m  the upper 
and low er po rtion s  was calculated, and then  the percentage in co rp o ra tio n  was 
ca lcu la ted by  d iv id in g  the  num be r o f counts fro m  the bo ttom  p o r t io n  by the 
to ta l counts and m u ltip ly in g  by 1 0 0 .
2 .23 .3  P ro b in g  th e  b lo t  
Sambrook et al., 1989
Blots and probes were p repa red  as described in  the p rev ious two subsections. 
The probes were then hyb rid ized  to  the blots as fo llow s:-
5m l o f p re -h y b rid iz a tio n  so lu tion  were p repared (1 .25m l 20x SSC (section 2.2), 
0 .25m l lOOx D enhard t's  so lu tio n  (section  2.2), 0 .25m l 10% SDS). 0 .5m g o f 
sonicated salmon sperm  DNA were heat denatured at 1(X)% fo r  5 m inutes. This 
was ch illed  on ice before i t  was added to  the p re -h y b rid iz a tio n  so lu tio n  in  a 
h yb id iza tio n  bo ttle . The f i l te r  was placed in  the bo ttle  and p re h yb rid ize d  in  a 
Hybaid m in i oven at 6 5 %  fo r  one hour. The probe (section 2.23.2) was heated to
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100% fo r  5 m inutes. This was then added to  the bo ttle  and h y b rid iz a tio n  was 
allow ed to  proceed at 6 5 %  fo r  18 hou rs  w ith  constan t ro ta tio n . F o llow ing  
incuba tion , the f i l te r  was washed tw ice in  2x SSC (section 2.2) conta in ing  0.1% 
SDS at room  tem pera tu re  fo r  10 m inutes. I t  was then  washed once in  I x  SSC 
conta in ing  0.1% SDS fo r  15 m inutes at 6 5 %  w ith  shaking and once in  O .lx  SSC 
con ta in ing  0.1% SDS at 6 5 %  fo r  10 m inutes. The f i l te r  was th e n  w rapped  in  
Saran w rap  and exposed to  X-ray f i lm  (Am ersham  H y p e rfilm ) fo r  th ree  days 
p r io r  to  developing.
SECTION 3
Preparation, amplification and cloning of KEL cDNA
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SECTION 3 P re p a ra tio n , a m p li f ic a t io n  and  c lo n in g  o f  KEL  cDNA
3.1 In t r o d u c t io n  to  th e  p re p a ra t io n  o f  c lo n e d  KEL  cDNA
In  an a tte m p t to  e luc ida te  some o f the in tr icac ies  o f the  expression o f Ke ll 
system antigens, va rious  m o lecu la r b io lo gy  approaches were em ployed. The 
in it ia l steps taken in  th is  in ves tiga tio n  in vo lve d  the synthesis o f cDNA fro m  
RNA iso la ted  fro m  d o n o r samples o f  know n K e ll phe no type . The re su ltin g  
m a te ria l was used fo r  the  m a jo r ity  o f  the  w o rk  ca rrie d  o u t the rea fte r. This 
section describes the iso la tion  o f to ta l RNA from  donor b lood  samples; the use o f 
th is target m a te ria l fo r  the synthesis o f  cDNA; the a m p lifica tio n  o f the cDNA by 
the  po lym erase  cha in  re a c tio n  and the  c lo n in g  o f the  PCR p ro d u c ts  fo r  
sequencing, and fo r  analysis by  o the r techniques w h ich  w ill be described and 
discussed in  subsequent results sections.
3.2 Is o la t io n  o f  to ta l RNA f ro m  w h o le  b lo o d
Tota l RNA was isolated fro m  OKk whole b lood as described in  section 2.4.1. This 
phenotype was chosen as the don o r was available to  donate samples at re g u la r  
in terva ls, a lthough a homozygous donor m ay have been p re fe ra b le  fo r  c lon ing  
o f PCR p roduc ts  to  ensure th a t the  gene cloned was o f know n type. This has 
been discussed in  section  8 . The to ta l RNA ob ta in e d  was ana lysed on a 
fo rm a ldehyd e  d en a tu ring  gel (section 2.4.2) to  ensure th a t the  q u a lity  was 
suitab le fo r  use as a ta rge t in  reverse tra n sc rip tio n  reactions (F igure 3.1). The 
presence o f the  tw o  riboso m a l RNA bands (18S and 28S) dem onstra ted  the 
s u ita b ility  o f the sample fo r  subsequent reverse tra n s c rip tio n , as th is  showed 
th a t the RNA had no t degraded to  a s ign ifican t extent d u rin g  prepara tion .
3.3 R everse t r a n s c r ip t io n  o f  m RNA
The re s u lt in g  to ta l RNA was used as a ta rg e t in  reverse  tra n s c r ip t io n , 
em ploy ing  e ithe r o f the two techniques described in  sections 2.5.1 and 2.5.2. In  
bo th  o f these m ethods, an o ligo  dT p r im e r was annealed to  the po ly -A  mRNA 
fra c tio n  conta ined in  the to ta l RNA and, by  use o f e ithe r A v ian  m yeloblastosis 
v iru s  (A M V ) reve rse  tra n s c rip ta s e  o r M o lon ey  m u rin e  le u ka e m ia  v iru s  
(M oM uLV) reverse transcrip tase, the annealed p rim e r was extended to produce 
a com plem enta ry  f ir s t  s trand  cDNA. From  the w o rk  ca rried  ou t w ith  bo th  o f
F igu re  3.1 A g a ro s e /fo rm a ld e h y d e  ge l a n a ly s is  o f  to ta l RNA
Figure show ing  a 5gg sam ple o f  to ta l RNA e lec tro p h o re se d  on a 1.5% 
agarose/form aldehyde gel. The 18S (1.9 kb) and 28S (5.1 kb) bands o f ribosom al 
RNA are marked.
5|ig of total RNA
28S  — ^
18S — ^
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these reverse tra n sc rip tio n  kits, i t  became clear tha t AM V reverse transcrip tase  
was m ore suitable.
The reason fo r  th is  was tha t cDNA molecules could be generated fro m  bo th  the 3' 
and 5' halves o f the KEL gene using AM V reverse transcrip tase b u t on ly  the 3' 
h a lf  le n g th  fra g m e n t cou ld  be reverse tra n sc rib e d  us ing  M oM uLV reverse 
transcrip tase . The m ost lik e ly  exp lana tion  fo r  th is  is th a t, as AM V reverse 
transcrip tase can be used at h igher tem peratures (4 2 %  com pared w ith  3 7 %  fo r  
M oM uLV reverse tran sc rip ta se ), secondary s tru c tu re  is reduced  w ith in  the 
ta rge t m olecu le and the p ro b a b ility  o f  genera ting  lo n g e r cDNA m olecules is 
increased. This w o u ld  suggest th a t the re  is s u ffic ie n t secondary s tru c tu re  
w ith in  the 5' h a lf o f the KEL mRNA to  in h ib it  reverse tra n s c rip tio n  by  M oMuLV 
reverse transcrip tase (section 8).
3 .4  G e n e ra tio n  o f  PCR p ro d u c ts  e n c o d in g  th e  K e ll p ro te in
The f ir s t  s trand  cDNA described above was used d ire c t ly  as a ta rge t in  the  
polym erase chain reaction  (section 2.7.1). The fragm ents am p lified  fro m  the Kk 
f ir s t  s trand  cDNA corresponded to  tw o  app rox im a te ly  equa lly  sized fragm ents 
(1157bpand 1208bp) w h ich  are re fe rred  to  as the 3 ’ and 5' halves (Figure 3.2). 
The o ligonucleo tide  p rim ers used fo r  these am p lifica tions are deta iled in  Table 
3.1. These tw o fragm ents have a cen tra l 87bp ove rlap  (F igure 3.2). The PCR 
p ro d u c ts  generated were ana lysed on a 1% agarose/TBE gel (section  2.8) 
a llow ing  the d ire c t analysis o f each PCR p rodu c t w ith  respect to  bo th  y ie ld  and 
size o f the am p lified  fragm ent. PCR products  o f good q u a lity  were subjected to  
fu r th e r  analysis by re s tr ic tio n  enzyme digestion and c lo n in g /D N A  sequencing.
3.5 A n a ly s is  o f  PCR p ro d u c ts  e n co d in g  segm ents o f  th e  K e ll 
p r o t e in
In  o rd e r to  co n firm  th a t the a m p lifie d  PCR products corresponded to  those o f 
KEL cDNA, the  presence o f re s tr ic t io n  sites p re d ic te d  fro m  the  pub lish e d  
sequence was investigated (Lee et al., 1991). The PCR p roducts  were gel p u r if ie d  
on a 0.7% low  m e lting  p o in t agarose gel (section 2.9). The gel bands conta in ing  
the pu ta tive  KEL fragm ents were excised and DNA was then  extracted fro m  the 
gel bands (section 2.9). The resu lting  samples were then  digested w ith  Bgl II 
fo r  the 3 ' h a lf  o r  Pst I fo r  the 5' h a lf, genera ting  tw o  and th ree  fragm ents 
respective ly. The digests were analysed on 1% agarose/TBE gel (Figure 3.3).
8 7
Tab le  3.1 O lig o n u c le o tid e  p r im e rs  used fo r  th e  a m p li f ic a t io n  




Prim er 48 ccgtcgacGAAGGATTCTGGAGCCACAGAAG
S a il
93-115
Prim er 54 ccggatccCTTTCTGCGTGCCTCCTGGAATT 
Bam HI
1284-1262
P rim er 49 ccgtcgacACATGATCTTAGGGCTGGTGGTG
S a il
1214-1236
Prim er 51 ccggatccATTTCTGTGCTGTGGCATCTTTG 
Bam HI
2354-2332
The p r im e r pairs used in  PCR were p rim e r 48 plus p rim e r 54 and p r im e r 49 plus 
p r im e r 51. These a m p lifie d  the  5' and 3' KEL cDNA halves respective ly . A l l  
o ligo nuc le o tide  p rim e rs  had re s tr ic t io n  enzyme sites in c o rp o ra te d  in  the  5 ' 
te rm in i. These sites conta in  the six nucleotide re cogn ition  sequence fo r  Bam HI 
o r  Sal I and an extra tw o nucleotides to  optim ise the chance o f the re s tr ic t io n  
site being generated fu lly  in  PCR. The e igh t ex tra  nuc leo tides are shown in  
lo w e r case le tte rs . P os ition  re fe rs  to  the KEL cDNA n u c le o tid e  sequence 
num bered as p rev ious ly  reported  by  Lee et a i, 1991.
Figure 3 .2  Map o f KEL  fragm ents generated by PCR
I llu s tra tio n  o f the tw o  h a lf  le n g th  fragm ents o f KEL cDNA generated b y  PCR. 
O ligonucleotide prim ers and th e ir  d irec tions are shown by  arrows. The cen tra l 
87bp overlap is illu s tra te d  by  the shaded box. PCR fragm ents are illu s tra te d  b y  










F igu re  3.3 Gel an a lys is  o f  re s t r ic t io n  enzym e d igests  o f  PCR 
p ro d u c ts
Figure illu s tra tin g  agarose gel analysis o f re s tr ic tio n  enzyme digests o f  pu ta tive  
KEL cDNA fragments. Tracks 1 and 4 are 1 kb DNA ladder. T rack 2 is undigested 3’ 
h a lf leng th  fragm en t and tra ck  3 is Bgl II digested 3 ' h a lf  le n g th  fra g m e n t. 
Track 5 is undigested 5' h a lf length fragm ent and track  6 is Pst I digested S' h a lf 














The resu lting  fragm ents were com pared w ith  size m arkers and the approxim ate 
sizes were ca lcu la ted b y  in te rp o la tio n  on a graph o f lo g io  appa ren t m o lecu la r 
w e igh t v's distance m ig ra ted  fo r  the size m arkers. This gave good co rre la tio n  
between the calculated and expected sizes (Table 3.2).
The re s tr ic tio n  enzymes used were chosen accord ing to  a com pute r search o f 
the re s tr ic tio n  enzyme sites present w ith in  the pub lished  KEL cDNA sequence. 
D igestion w ith  these enzymes y ie lds fragm ents o f s u ffic ie n tly  la rge and va ried  
size to  give a d iagnostic  test fo r  the  o r ig in  o f the  PCR p ro d u c t. W hen the 
estim ated fragm ent sizes corre la ted  closely w ith  the expected sizes, a llow ing fo r  
sm all erro rs w h ich  arise fro m  the measurement o f the extent o f band m ig ra tio n  
o f samples and standards, th is was a good in d ica tio n  th a t the PCR p ro d u c t was 
fro m  the desired  source. I t  is u n lik e ly  th a t m a te ria l d e rive d  fro m  ano the r 
source w o u ld  give exactly  the same band ing  p a tte rn  w hen digested w ith  the 
enzymes chosen.
3.6 C lo n in g  o f  PCR p ro d u c ts  e n co d in g  segm ents o f  th e  K e ll 
p r o t e in
A fte r  c o n firm a tio n  o f  the  id e n t ity  o f PCR p ro d u c ts  by  re s tr ic t io n  enzyme 
digestion, they were cloned in to  the m u ltip le  clon ing site o f the p lasm id vectors 
pTZ lS U  and pTZ lSR  (section 2.14). This was achieved by use o f the Bam HI and 
Sal I re s tr ic tio n  enzyme sites in co rp o ra te d  in to  the PCR p ro d u c t th ro u g h  th e ir  
presence at the 5' te rm in i o f the o ligonucleo tide  p rim ers  used in  the PCR. The 
two plasm ids were digested w ith  Bam HI and Sal I, sites fo r  bo th  o f w h ich  are 
present in  the m u ltip le  c lon ing  site o f  the plasm ids (Figures 2.1 and 2.2). The 
PCR products were s im ila r ly  digested and then  the fragm ents were ligated in to  
the plasmids using T4 DNA ligase enzyme (section 2.14). The lig a tio n  mixes were 
used to  tra n s fo rm  com pe ten t XL 1-b lue  E. coll ce lls (sec tion  2 .16). These 
trans fo rm an ts  were p la ted  o u t and grow n on L -b ro th  agar p la tes co n ta in in g  
a m p ic illin , X-gal and IPTG (section 2.15). O nly colonies o f cells w h ich  con ta in  
plasm id w ill grow, as the presence o f the p lasm id im parts  a n tib io tic  resistance 
to  the bacteria l host cell due to  the p rodu c tion  o f p-lactamase. The cells w h ich  
co n ta in  p lasm id  la ck in g  in s e rt appea r b lue  due to  the  fo rm a tio n  o f  (3- 
galactosidase v ia  a -com plem entation. Cells w h ich  con ta in  recom b inan t p lasm id  
do no t p roduce p-galactosidase and appear w h ite . It was the re fo re  possible to 
isolate and p u r ify  tran s fo rm an t cells conta in ing the cloned p roduc t. In  o rde r to
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3’ h a lf + Bgl II 227
930
2 4 0 + /-2 4
1050+ A 105
5' h a lf + Pst I 84
531
593
5 4 0 + /-5 4  
6 3 0 + /-6 3
The 84bp fragm ent size cou ld  n o t be estimated by th is  m ethod due to  the poo r 
reso lu tion  and sta in ing o f th is  sm all fragm ent on a 1% agarose/TBE gel.
A  10% e rro r  m arg in  has been allow ed in  the estim ation o f fragm ent size.
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co n firm  th a t the selected plasm ids ac tua lly  conta ined the requ ire d  insert, each 
p lasm id was iso lated (section 2.19.1) and fractions o f the samples were digested 
w ith  Bam HI and Sal I. The digests were then analysed on a 1% agarose/TBE gel 
(section  2.8). T yp ica l resu lts  are shown in  F igure 3.4. The p lasm ids w h ich  
con ta ined inserts generated tw o bands, one co rrespond ing  to  the  in se rt and 
w h ich  was the  same size as the  o r ig in a l c loned frag m en t, and the  second 
correspond ing  to  the linearised p lasm id. In the case where a PCR p ro d u c t had 
n o t been inserted  in to  the p lasm id  and where the co lony appeared w hite , on ly  
one band o f linearised p lasm id  was ev iden t on the gel. Such apparen t p lasm id  
tra n fo rm a n ts  m ay arise as a re su lt o f  fa ilu re  o f  the  lac  system  th ro u g h  
m u ta tio n  in  p lasm id  o r chrom osom al genes. It shou ld  be n o ted  tha t, i f  the 
p lasm id  was incom p le te ly  digested, then extra bands o f  un cu t c irc u la r  p lasm id  
DNA shou ld  also be apparen t on the  gel. T rans fo rm an ts  co n ta in in g  p lasm ids 
w ith  the app rop ria te  in se rt were then  stored in  g lycero l at -7 0 %  fo r  fu tu re  use 
(section 2.18).
3 .7  P a r t ia l se q u e n c in g  o f  c lo n e d  PCR p ro d u c ts
Clones o f each o f pTZ18U conta in ing 3 ' h a lf and pTZ18U con ta in ing  5' h a lf were 
used to  produce single stranded DNA th rough  in fec tion  o f the cells w ith  M 13K07 
he lpe r phage. This allows p re fe re n tia l secretion o f single stranded vecto r DNA 
fo r  use in  sequencing reactions (section 2.20.1). The p lasm id pTZ lSU  yie lds the 
p o s itive  s tra n d  o f the  DNA w hen in fe c te d  w ith  h e lp e r phage. The s ing le  
stranded DNA was used d ire c tly  in  Sanger d ideoxy sequencing (section 2.20.2) 
us ing  U n ive rsa l sequencing  p r im e r , o r  a KEL sequence spe c ific  p r im e r. 
A pprox im a te ly  200 nucleotides o f each cloned fragm ent were sequenced (F igu re  
3.5). This co n firm e d  th a t the  c loned  m ate ria ls  were o f KEL o r ig in , as the 
expe rim e n ta l sequence was the  same as the  pub lish e d  sequence w ith  the 
exception o f a single nuc leo tide  a t p o s itio n  1391 where a C on the  pub lished  
sequence was replaced by a T in  the experim enta l sequence (Figure 3.5).
3 .8 D is c u s s io n
The in it ia l step in  th is  p ro je c t in vo lved  the iso la tion  o f to ta l RNA fro m  samples 
o f whole b lood. Several methods were assessed before the AGPC m ethod (section 
2.4.1) was chosen fo r  ro u tin e  use. O ther techniques and the reasons fo r  th is  
choice are discussed m ore fu lly  in  section 8. The AGPC m ethod  is a single step 
p ro ce d u re  in c o rp o ra tin g  g u a n id in iu m  th io cya n a te  (a s tro n g  in h ib i to r  o f
F igu re  3 .4  Gel a n a lys is  o f  r e s t r ic t io n  enzym e d ig e s te d  
t ra n s fo rm a n t  p la s m id  p re p a ra t io n s
Figure illu s tra ting  agarose gel analysis o f in tac t pTZ18U p lasm id (track  2),
Bam H I/S a l I d igested pTZ18U p lasm id  ( tra ck  3) and Bam H l/S a l I d igest o f  
pTZ lSU transfo rm an t conta in ing  the KEL 3' h a lf length  fragm ent (track  4). 1 kb  
DNA ladder is inc luded  as a size m arker (track 1).







F ig u re  3 .5  P a r t ia l s e q u e n c in g  o f  c lo n e d  3 ' h a l f  le n g th  KEL  PCR 
p r o d u c ts
P a rtia l sequenc ing  o f  3 ’ h a l f  le n g th  KEL cDNA fra g m e n t c lo n e d  in  p T Z lS U . 
Positions re fe r  to  the  KEL cDNA n u c le o tid e  sequence n u m b e re d  as p re v io u s ly  
re p o rte d  by  Lee et al., 1991. The sequence da ta  re la tin g  to  th is  f ig u re  is d e ta ile d  
below .
P u b lis h e d  s e q u e n c e
1214 ACATGATCTTAGGGCTGGTGGTGACCCTTTCTCCAGCCCTGGACAGT 1260
1214 ACATGATCTTAGGGCTGGTGGTGACCCTTTCTCCAGCCCTGGACAGT 1260  
E x p e r im e n ta l s e q u e n c e
1261 CAATTCCAGGAGGCACGCAGAAAGCTCAGCCAGAAACTGCGGGAACT 1307  
1261 CAATTCCAGGAGGCACGCAGAAAGCTCAGCCAGAAACTGCGGGAACT 1307
1308 GACAGAGCAACCACCCATGCCTGCCCGCCCACGATGGATGAAGTGCG 1354  
1308 GACAGAGCAACCACCCATGCCTGCCCGCCCACGATGGATGAAGTGCG 1354
1355 TGGAGGAGACAGGCACGTTCTTCGAGCCCACGCTGGC 1391 
   *
1355 TGGAGGAGACAGGCACGTTCTTCGAGCCCACGCTGGT 1391
*  denotes d isc repancy  betw een p u b lish e d  and  e xp e rim e n ta l sequences.




RNase) w ith  sod ium  acetate, pheno l and ch lo ro fo rm  to  a llow  the  iso la tio n  o f 
to ta l RNA fro m  the  sam ple. Th is  techn ique  gave h ig h  y ie ld s  o f to ta l RNA 
(approx im a te ly  2\xg p e r m l o f w hole b lood  used). Problems were encountered, 
w ith  respect to  RNase con tam ina tion , at a la te r stage in  th is  p ro je c t and these 
are discussed in  section 8.
The generation o f p rodu c t by  PCR using f irs t strand cDNA as a ta rge t p roved  a 
re liab le  and rep roduc ib le  technique, and the resu lting  p roducts  were gene ra lly  
o f h igh  y ie ld  (approx im ate ly  3-5 gg per 100|xl reaction) and good q u a lity  w ith  no 
non -sp ec ific  bands being generated as a resu lt o f m isp rim in g  o r po o r ta rge t 
q u a lity .
C lon ing  o f  KEL PCR p roducts  in to  su itab le  p lasm ids was p re requ is ite  fo r  the 
w o rk  described in  sections 4 and 5. However, th is  is n o t the m ost app rop ria te  
approach fo r  the sequence analysis o f KEL PCR products. The reason fo r  th is  is 
th a t, d u r in g  the  c lo n in g  process, a s ing le  PCR gene ra ted  m o le cu le  is 
inco rpo ra ted  in to  each in d iv id u a l p lasm id  clone. This gives rise to problem s as 
i t  is im possible to  determ ine w hether d ifferences between the experim enta l and 
pub lished sequences are true  sequence differences o r have arisen as a resu lt o f 
Taq DNA po lym erase  m is in c o rp o ra tio n s . This is a p p a re n t fro m  the  one 
d iffe rence determ ined fo r  the p a rtia l sequence described above, where there is 
a C -> T nucleotide substitu tion  at pos ition  1391 o f the 3 ’ h a lf  le n g th  fragm en t. 
This w o u ld  resu lt in  an am ino acid change fro m  alanine to  va line . Va line is a 
sm a ll n o n p o la r  h y d ro p h o b ic  a m in o  ac id , s im ila r  to  a la n in e  in  its  
characteris tics. One possible exp lana tion  fo r  th is  d iffe rence  is th a t a n a tu ra l 
m u ta tio n  has re su lte d  in  a conse rva tive  am ino  ac id  s u b s titu t io n  in  the 
sequenced sample. This m u ta tion  m ay n o t a lte r s tru c tu re /fu n c tio n  to  any great 
extent. A  second possib le  e xp lana tion  is th a t la ck  o f  f id e l i ty  o f  Tap DNA 
polymerase has resulted in  an e rro r  in  the sequence. I t  is w e ll docum ented tha t 
Taq DNA polymerase enzyme, when used und e r norm a l PCR conditions, w i l l  give 
rise to  m is inco rpo ra tions  at a ra te  o f one in  every 400 nucleotides (Saiki e t a i, 
1988). As a result, one m ig h t expect a round  3 m is inco rpo ra tions in  each o f  the 
tw o  h a lf  fragm ents, based on the leng th  o f the two fragm ents being am plified . 
In  o rd e r to  de te rm ine  the tru e  source o f the d iffe rences, m any in d iv id u a l 
clones m ust be sequenced. The re fo re , i t  is m ore  a p p ro p ria te  to  sequence 
d ire c tly  a p o p u la tio n  o f PCR p roducts , w here the  average o f  the  sequence 
resu lts is de term ined . This g rea tly  reduces the p ro b le m  o f de te rm in in g  tru e  
sequence differences. This is discussed in  m ore de ta il in  section 8.
SECTION 4
Locating the KEL gene by analysis of somatic cell 
hybrid PCR products and by in  situ hybridization
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SECTION 4  L o c a tin g  th e  KEL  gene b y  ana lys is  o f  so m a tic  c e ll h y b r id  
PCR p ro d u c ts  and  b y  in  situ  h y b r id iz a t io n
4.1 In t r o d u c t io n  to  PCRs u s in g  so m a tic  c e ll h y b r id  DNA 
ta r g e ts
The polymerase cha in  reac tion  is an extrem ely versa tile  techn ique and, in  the 
w o rk  described in  th is section, i t  has been used fo r  the a m p lifica tio n  o f an 87bp 
p ro d u c t fro m  som atic cell h y b r id  DNA samples. The som atic cell h yb rid s  used 
are cells w h ich  c o n ta in  a co m b in a tio n  o f chrom osom es fro m  hum an  and 
ano the r m am m alian source. DNA prepara tions were p e rfo rm ed  on a v a r ie ty  o f 
d iffe re n t somatic ce ll h y b r id  samples, each w ith  d iffe re n t hum an chrom osom e 
complements. These were used to  determ ine which chrom osom e carries the KEL 
gene. Some o f the DNA samples used conta ined chrom osom es w h ich  had been 
transloca ted i.e. some o f the in d iv id u a l chrom osom es are p a r t ly  hum an and 
p a r t ly  roden t. In  these cases the ju n c t io n  between the  hum an  and ro d e n t 
fragm ents had been defined. In  o rd e r to generate PCR p roducts  using th is  type 
o f ta rg e t m a te ria l, o ligo n u c le o tid e  p rim e rs  were used w h ich  w ere lik e ly  to  
a m p lify  a fragm en t conta ined w ith in  a single exon (Table 4 .1). In  the absence 
o f genom ic sequence data, th is  was p red ic ted  by  com parison o f the KEL cDNA 
sequence w ith  the gene s tru c tu re  o f CALLA n eu tra l endopeptidase. These tw o 
genes have been shown to  have sequence hom ology thus g iv ing  a guide as to 
where in tro n s  m ig h t arise in  the KEL gene (D 'Adam io et a l,  1989). PCR products 
cou ld  o n ly  be am p lified  where the p a rt o f the hum an chrom osom e ca rry in g  the 
KEL gene was present. The experim enta l results can be easily in te rp re te d , as 
o n ly  the  samples co n ta in in g  the a p p ro p ria te  gene w i l l  g ive rise  to  a PCR 
product. The use o f som atic ce ll DNA samples con ta in ing  trans loca tions allow  
re finem ent o f the chrom osom al location, as p roduc t w ill n o t be generated i f  the 
p a rt o f the hum an chrom osom e ca rry ing  the gene is m issing.
A n  87 base p a ir  fragm en t was generated using these p rim ers  (F igure 3.2). A 
p roduc t o f 71 nucleotides w ou ld  be expected based on the annealing positions o f 
the o ligo nuc le o tide  p rim e rs  to  the  pub lished  KEL cDNA sequence (1214 and 
1284). The extra  16 nucleotides arise fro m  the in co rp o ra tio n  o f the add ition a l 8 
nucleotide residues at the 5' end o f each oligonucleotide p rim er.
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Tab le  4.1 O lig o n u c le o tid e  p r im e rs  used fo r  th e  a m p li f ic a t io n  
o f  an 8 7 b p  fra g m e n t f ro m  som atic  c e ll h y b r id  DNAs 




Prim er 49 ccgtcgacACATGATCTTAGGGCTGGTGGTG 1214-1236
Prim er 54 ccggatccCTTTCTGCGTGCCTCCTGGAATr 1284-1262
The o ligonucleo tide  p rim ers  had re s tr ic tio n  enzyme sites in co rp o ra te d  in  the 5' 
te rm in i as they  were in it ia l ly  designed fo r  the generation o f PCR p roducts  fo r  
lig a tio n  in to  plasm ids (section 3.4). The nucleotides re la tin g  to  the re s tr ic tio n  
enzym e sites are in  lo w e r case le tte rs . P os ition  re fe rs  to  the  KEL cDNA 
nucleotide sequence num bered as p rev ious ly  reported  by Lee et ai., 1991.
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4.2 Basis f o r  in  situ  h y b r id iz a t io n  s tud ies
The in situ h yb rid iza tio n  w o rk  fo r  th is  section o f the p ro je c t was pe rfo rm ed  at 
the  D uncan G u th rie  In s titu te  o f M edica l Genetics, Y o rkh ill, Glasgow w ith  the  
assistance o f Mrs Norm a M orrison.
Previous pub lished  w o rk  had p rov id ed  p rov is iona l assignment o f the KEL gene 
to chrom osom e 7q32-q36 (Zelinski et ai., 1991 a). This assignment was based on 
the use o f antigen ic v a r ia tio n  as a m arker. Genetic analysis had dem onstrated 
th a t the KEL gene is c lose ly lin k e d  to  the p ro la c tin - in d u c ib le  p ro te in  (PIP) 
locus, a llow ing  assignm ent o f  the  KEL locus to  chrom osom e 7 (Zelinski et ai., 
1991 a). Th is section describes the use o f in situ h y b r id iz a t io n  analysis in  
con junc tio n  w ith  PCR a m p lifica tio n  o f a KEL specific p ro d u c t fro m  somatic cell 
h y b r id  DNA to  re fine  the loca tion  o f the KEL gene on chromosome 7.
in situ h y b r id iz a tio n  involves the b ind ing  o f a sequence specific labelled probe 
to  locate a p a r t ic u la r  gene sequence on hum an m etaphase chrom osom es, as 
described m ore fu lly  in  sections 1.2.3 and 2.21.
4.3 A n a ly s is  o f  so m a tic  c e ll h y b r id  PCR p ro d u c ts
PCR reactions were pe rfo rm ed using a panel o f somatic cell h y b r id  DNA samples 
w h ich  was k in d ly  donated by D r Nigel K. Spurr, Im pe ria l Cancer Research Fund, 
Hum an Genetic Resources Labora to ry , Clare H a ll Labora to ries, Blanche Lane, 
South M imms, Herts.
PCR reactions were ca rried  ou t as described in  section 2.7.5. The re su ltin g  PCR 
products  were analysed on a 15% po lyacry lam ide  gel (section 2.8) (Figure 4.1). 
The results obta ined were then com pared w ith  the chrom osom al com position o f 
the som atic ce ll h y b r id  DNA samples used as tem plates (Table 4.2). Table 4.2 
details the hum an chrom osom al content o f the cell lines used as targets. From 
these data, the chromosome conta in ing  the target sequence fo r  a m p lifica tio n  o f 
the 87bp p roduc t was determ ined. These results illu s tra te  th a t PCR products  are 
present in  lanes 1, 5, 6, 7, 10, 11, 12 and 18. Products were on ly  generated from  
somatic cell h y b r id  DNA samples w h ich  con ta in  hum an chrom osom e 7 (Table 
4.2). This is discussed in  section 4.5.
F igu re  4.1 P o ly a c ry la m id e  ge l a n a lys is  o f  so m a tic  c e ll h y b r id  
DNA PCR p ro d u c ts
Polyacrylam ide gel analysis o f the 87bp p ro d u c t am p lified  by PCR fro m  hum an- 
rodet somatic cell h yb rids  conta in ing  the hum an KEL sequence. Target DNA 
samples were fro m  (1) cloned KEL cDNA, (2) mouse, (3) ra t, (4) hamster, (5) 
human, (6) AM1R2VIII, (7) CTP412E3, (8) DUR4.3, (9) FGIO, (10) 3W4C15, (11) 
MOG2, (12) Horp27-RC114, (13) SIF4A31, (14) F4SC13C112, (15) TW IN19/D12, (16) 
FIR5R3, (17) FIR5, (18) CLONE21E.
b.p. 1 2 3 4 5 6 7 8 910111213 14 1 51617 18
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4 .4  in  situ  h y b r id iz a t io n  us ing  3. KEL  s p e c if ic  p ro b e
The cloned 3' h a lf  leng th  KEL fragm en t described in  section 3 was used as a 
p robe  fo r  in  situ h y b r id iz a t io n  experim ents w ith  n o rm a l m ale m etaphase 
chrom osom e spreads, accord ing to  the m ethod in  section 2,21. The probe was 
b io tin y la te d  by  n ick  tra n s la tio n  (section 1.2.3) and used fo r  h y b r id iz a tio n  to 
banded metaphase chromosome spreads, as described p rev ious ly  (section 2.21). 
The use o f n ic k  tra n s la tio n  a llow ed the genera tion  o f a b io tin y la te d  p robe  
c o n ta in in g  a ra n d o m  p o p u la tio n  o f  sequences o f v a ry in g  le n g th , w h ic h  
constitu te  the en tire  KEL cDNA. Tw enty fo u r  no rm a l hum an m ale metaphases 
were scored fo llow ing  h yb rid iza tio n  and the positions o f 118 signals recorded. A 
h ig h ly  s ign ifican t (P < 0.005) 37 signals were located on chrom osom e 7, w ith  22 
com pris ing  a signal peak on 7q33-35. A second h y b r id iz a tio n  was pe rfo rm ed  
and the signal d is tr ib u tio n  at 7q33-35 was noted on 32 chromosomes 7, a ll o f 
w h ich  were s u ffic ie n tly  in tense to  p e rm it assignm ent o f  signals to  a single 
band. These experim ents showed c lea r h y b r id iz a t io n  o f  the  p robe  to  the 
chrom osom e and a llow ed the  re finem en t o f the m app ing  o f the KEL gene to  
chromosome 7q34 (Figures 4.2 and 4.3).
4.5 D is c u s s io n
From  the results o f the PCR experim ents (Table 4.2) i t  was c lear th a t o n ly  the 
somatic cell hyb rids  w h ich  contained in ta c t hum an chromosome 7 y ie lded a PCR 
product, in d ica tin g  th a t the gene encoding the Kell b lood  g roup  po lypep tide  is 
located on chromosome 7. One o f the somatic cell h y b r id  samples used contained 
a tra n s lo c a tio n  in  chrom osom e 7. Th is  was FIR5 w h ic h  con ta ins  a X /7  
tra n s lo ca tio n  (X:7) X q te r-q l3 :7 p te r-q 2 2  (H obart e t a l,  1981). The 87bp KEL 
fragm en t was no t a m p lifie d  fro m  th is  sample (F igure 4.1), in d ica tin g  th a t the 
loca tion  o f the KEL gene is 7q22-qter. These find ings  were re in fo rce d  by the in  
situ h yb rid iza tio n  results w h ich allow ed the pos ition  o f the gene to  be localised 
to  7q34. This a llow ed fu r th e r  re finem ent o f the KEL chrom osom al loca tion  fro m  
th a t w h ich  had been pub lished  p rev io us ly  (Ze linsk i et a l,  1991 a). The in it ia l 
m app ing  results pub lished  by  Zelinski et a l  were con firm ed  by the linkage o f 
the  KEL locus to  the cystic  fib ro s is  locus (P u roh it et a l, 1992). The resu lts  
ob ta ined by these experim ents place the KEL locus d is ta l to  the cystic  fib ros is  
locus (7q31-32) and p rox im a l to the T cell receptor beta c luster located in  7q35 
(Barker e ta /., 1984).
F igu re  4 .2  H y b r id iz a t io n  o f  a b io t in y la te d  p ro b e  to  h u m a n  
ch rom osom e 7 in  situ
Figure illu s tra tin g  h y b rid iz a tio n  o f a KEL specific b io tin y la te d  probe to  no rm a l 
male metaphase chromosome spreads. The b r ig h t spots represent the pos ition  at 
w h ich the probe has h yb rid iz e d  to  bo th  alleles o f an in d iv id u a l chrom osom e. 
These can be seen on two chromosomes; one to  the top  r ig h t o f  the chrom osom e 
spread and a second in  the centre o f the spread.

F igure  4,3 S igna l d is t r ib u t io n  a t 7 q3 3 -7q35  on  32 cop ies o f
ch ro m o so m e  7 fo llo w in g  h y b r id iz a t io n  to  th e  KEL  
cD N A p ro b e
D iagram m atic rep resen ta tion  o f signals detected on 32 chrom osom es 7 a fte r 
h y b r id iz a tio n  o f a b io tin y la te d  KEL specific p robe  to  n o rm a l m ale metaphase 









This assignment, using a cDNA probe w h ich  encodes the Ke ll po lypep tide , is to 
the same reg io n  o f  chrom osom e 7 as in d ica te d  b y  genetic ana lysis o f  the 
antigenic v a ria tio n  associated w ith  the Kell b lood  group system (Zelinski e t ai., 
1991 b). The co-loca lisa tion  o f the an tigen ic de te rm inan t and the gene locus 
suggests th a t the Kell antigenic de term inan ts are p a rt o f the po lypep tide  chain 
and n o t the associated sugar molecules, as bo th  localisations are to the KEL locus 
and n o t to  a separate g lycosyl transferase gene locus.
In  studies pe rfo rm ed  by Lee et a l,  the KEL locus was m apped to  chromosome 
7q33 (Lee e t a l,  1993). This m app ing  was achieved b y  h y b r id iz a t io n  o f a 
ra d io la b e lle d  KEL spec ific  cDNA p robe  to  som atic ce ll h y b r id  DNA panels. 
Genomic clones fro m  a hum an p lacenta l DNA genomic lib ra ry  were used in  the 
iso la tion  o f the probes fo r  these in situ h y b r id iz a tio n  experim ents. The results 
ob ta ined  loca ted  the  KEL gene to  chrom osom e 7q33. These stud ies were 
pub lished  s im u ltaneously  w ith  the a u th o r ’s w o rk  described in  th is  section and 
the resu lts  ob ta ined  were v ir tu a lly  id e n tica l (M u rp h y  et a l ,  1993, Lee e t al, 
1993).
The results o f the w o rk  described in  th is  section and th e ir  im p lica tio ns  w ill be 
discussed m ore fu lly  in  section 8.
SECTION 5
Southern blot analysis of total genomic 
DNA with KEL specific probes
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SECTION 5 S o u th e rn  b lo t  a n a lys is  o f  to ta l genom ic  DNA w ith  KEL  
s p e c if ic  p ro b e s
5.1 In t r o d u c t io n  to  th e  g e n e tic  hasis fo r  th e  K e ll n u l l  
p h e n o ty p e
In  a few  ra re  in d iv id u a ls , the  antigens o f  the Ke ll b lo o d  g roup  system are 
com ple te ly undetectab le  by  serologica l techniques. This phenotype is re fe rre d  
to  as the  K e ll n u l l (Ko) pheno type . Despite the  ap p a re n t la ck  o f  a n tig e n  
expression in  these ind iv idua ls , w o rk  has been pub lished  w h ich  gives evidence 
fo r  the presence o f Ke ll p ro te in  on the surface o f K q  ery th rocytes  (M e rry  e t al, 
1984). However, the genetic basis fo r  th is  phenotype has n o t been established. 
The results described in  th is  section p rov ide  evidence tha t the K q  phenotype, in  
one p a rt ic u la r  case, does n o t arise as a resu lt o f a com plete o r  a m a jo r gene 
de le tion .
5.2 A n a ly s is  o f  to ta l g en om ic  DN A b y  S o u th e rn  b lo t t in g .
A sample o f whole b lood was obtained fro m  one Kq in d iv id u a l and to ta l genomic 
DNA was prepared by the m ethod described in  section 2.22.1. Southern b lo ttin g  
(section 2.23) was then  used to  com pare th is  sample w ith  samples o f  genomic 
DNA derived  fro m  no rm a l Kell phenotype ind iv idua ls . The probes used in  th is 
investiga tion  were the tw o approx im ate ly  equally sized cloned Kk PCR products, 
term ed the KEL cDNA 3 ’ and 5’ halves, described in  section 3. These two cloned 
products span the complete coding region o f the pub lished cDNA sequence (Lee 
et ai., 1991). The probes were rad io labe lled  by the random  p r im in g  technique, 
us ing the M egaprim e (™ ) la be llin g  system described in  section 2.23.2. Both 
u n d ig e s te d  and  re s tr ic t io n  enzym e d iges ted  to ta l gen om ic  DNA w ere  
electophoresed and Southern b lots were prepared as described in  section 2.23.1. 
The resu ltin g  b lo ts were p robed  using the m ethod described in  section 2.23.3. 
Table 5.1 shows the positions o f the sites fo r  the res tric tion  enzymes used in  th is  
section on the pub lished KEL cDNA sequence.
5.2.1 S o u th e rn  b lo ts  o f  Kq and  Kk to ta l genom ic DN A d iges ted  w ith  
H p a  I I  and  M sp  I
The in it ia l resu lts  ob ta ined  by  p ro b in g  Southern b lo ts  o f Hpa II and Msp I 
digested Ko and Kk to ta l genom ic DNA w ith  the 3' and 5' h a lf  length  fragm ents
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Tab le  5.1 P o s itio n s  o f  r e s t r ic t io n  enzym e  s ites  p re s e n t in  th e  KEL  
cD N A  sequence




Hpa 11/Msp I 
Eco RI
no sites present in  cDNA sequence 




Position re fe rs to  the KEL cDNA nucleo tide  sequence num bered  as p rev ious ly  
reported  by Lee et ai., 1991.
The positions and num bers o f re s tr ic tio n  enzyme sites fo r  these enzymes w ith in  
the in tro n  sequences in  KEL to ta l genomic DNA sequence are unknown.
1 0 0
are shown in  F igure 5.1. These in d ica ted  th a t s im ila r b a n d in g  p a tte rn s  were 
obtained fo r  bo th  Kq and Kk samples, b u t th a t two extra bands were present in  
the Kq samples when the 3' probe was used.
5 .2 .2  H y b r id iz a t io n  o f  th e  KEL  3 ' p ro h e  to  b lo ts  o f  u n d ig e s te d  Kq a n d  
K k to ta l g en om ic  DNA
In o rd e r to  establish th a t the samples o f to ta l genomic DNA used fo r  these blots 
were o f good q u a lity  and no t degraded, und igested genom ic DNA fro m  each o f 
the samples was electrophoresed and b lo tted  and the b lo ts  were p robed  w ith  the 
3' and 5’ fragments. The band sizes were estim ated fro m  th e ir  re la tive  distances 
o f m ig ra tio n  on the gel com pared to  those o f DNA fragm ents o f  know n size 
(Figure 5.2).
The results showed th a t bands were detected when a b lo t o f und igested to ta l 
genom ic DNA fro m  the Kq and Kk donors was p robed  w ith  the labe lled  3' h a lf 
leng th  fragm ent. The band sizes obta ined fro m  th is  b lo t are deta iled on F igu re  
5.2. I t  is clear th a t the Kq sample has 4 bands present and the Kk sample has 
o n ly  tw o bands present, these be ing equ iva len t in  size to  tw o o f the bands 
present in  the Kq sample. These results ind ica te  tha t random  degradation o f  the 
to ta l genom ic DNA samples is u n lik e ly  to  account fo r  the  ex tra  bands, as 
h y b rid z a tio n  o f a p robe to  degraded m ate ria l w ou ld  n o t g ive rise to  a sharp 
band. I f  these arose as a resu lt o f contam ination , then a d iffe re n t contam inant 
w o u ld  have to  be present in  each o f the  samples to  give rise  to  the  d iffe re n t 
banding patterns observed.
5 .2 .3  S o u th e rn  b lo ts  o f  seve ra l sam ples o f  to ta l genom ic  DNA p ro b e d  
w ith  the  3 ' KEL  h a l f  le n g th  fra g m e n t
In  an a ttem p t to  id e n tify  the source o f the extra bands w h ich  were present on 
p rob ing  blots o f the undigested Kq and Kk samples, several samples o f DNA from  
Kk and  kk  donors were p repa red  by th ree  in d iv id u a ls  us ing  tw o  d iffe re n t 
techn iques  in  th re e  separate la b o ra to rie s . U nd igested  to ta l genom ic DNA 
prepared fro m  the two donors a lready tested (one sample fro m  the Kq donor and 
th re e  d iffe re n t samples fro m  the Kk d on o r) were used in  c o n ju c tio n  w ith  
sam ples fro m  tw o  kk  d o n o rs  in  th e  p re p a ra t io n  o f  S o u th e rn  b lo ts . 
U n fo rtuna te ly , repeat samples o f b lood fro m  the Kq donor cou ld  n o t be obtained 
at th is po in t. Blots were prepared fro m  a to ta l o f seven samples. These were then
Figure 5.1 Southern b lo t o f Hpa  I I  and Msp  I digested genomic DNA
probed w ith  3 ’ and 5' h a lf  length KEL f ra g m e n ts
Southern blots o f Kk and Kq to ta l genomic DNA digested w ith  Hpa II and Msp I 
and probed w ith  the KEL 3' and 5’ h a lf  length  fragm ents. Tracks 1 and 5 are Kk 
genomic DNA digested w ith  Hpa II, tracks 2 and 6 are Kk genomic DNA digested 
w ith  Msp 1, tracks 3 and 7 are Kq genomic DNA digested w ith  Hpa II and tracks 4 
and 8 are Kq genomic DNA digested w ith  Msp I. Tracks 1 to  4 were p robed w ith  
the 3 ' ha lf fragm ent and tracks 5 to  8 were probed w ith  the 5' h a lf fragm ent.
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Figure 5.2 Southern b lo t o f Kq and Kk undigested genomic DNA
probed w ith  the 3 ’ KEL  fragm ent
lY ack 1 is 1 kb DNA ladde r and tracks 2 and 3 are Ko and Kk und igested to ta l 
genomic DNA electrophoresed on a 1% agarose/TBE gel p r io r  to  b lo ttin g . These 
samples can be seen to  be undegraded. Tracks 4, 5 and 6 are the b lo tted  samples 
from  tracks 1, 2 and 3 probed w ith  the 3' KEL fragm ent.




probed w ith  the 3 ' h a lf  leng th  fragm ent (Figure 5,3). The 3 ' KEL fragm en t was 
rem oved fro m  the b lo t p r io r  to h y b r id iz a tio n  o f the 5 ' KEL frag m en t (F igure
5.4). The results obta ined illu s tra te d  the fact tha t the extra bands present in  the 
Ko sample were also detected in  samples o f DNA prepared fro m  kk ind iv idua ls . A 
DNA size m arke r was e lectrophoresed on the gel and a tra c k  co n ta in in g  gel 
load ing  dye and TE b u ffe r  was also inc luded  to  establish th a t these extra bands 
had n o t arisen as a resu lt o f a con tam inan t in  the gel load ing  m ix tu re  (F igure
5.4).
The resu lts  ob ta ined  fro m  these b lo ts  in d ica te  th a t the  bands w h ich  were 
detected d id  no t o rig inate  fro m  e ithe r the loading dyes o r the TE b u ffe r used fo r  
load ing  the samples onto  the gel, as no bands were detected in  th is lane o f the  
b lo t when probed w ith  e ithe r the 3 ’ o r 5' KEL fragm ent.
W hen the b lo t was probed w ith  the 3 ' fragm ent (Figure 5.3), the  Kq sample gave 
rise to  the same band ing  p a tte rn  as shown in  Figure 5.2, b u t a sm all (480bp) 
band was also detected. It is lik e ly  th a t th is  band was too fa in t to  be detected on 
the au to rad iog raph  shown in  Figure 5.2. The o rig in a l Kk sample gave the same 
two bands as those shown in  Figure 5.2. The rem ain ing five  samples each gave a 
band o f 1900bp. This band was no t present in  e ither o f the tw o o r ig in a l samples. 
I t  is im p o rta n t to  note th a t two o f these five  samples o rig ina ted  fro m  the same 
Kk d o n o r as the Kk sample used in  the p revious experim ents. Two o f  the  kk  
samples, each fro m  d iffe re n t donors, had fa in t bands at 480bp (th is  band was 
p resen t in  the  Kq sam ple). This band  was n o t p resen t in  the o th e r sample 
derived fro m  the same donor.
The results o f p ro b in g  w ith  the 5' fragm en t showed th a t the  Kq sample had 
th ree  bands present, o n ly  one o f w h ich  relates to  a band present w ith  the 3 ’ 
fragm ent (1700bp) (F igure 5.4). The o rig in a l Kk sample gave a single band at 
1700bp. The re m a in ing  five  samples showed no b a n d in g  p a tte rn  w ith  th is  
probe.
The results fro m  two b lo ts described above (Figures 5.3 and 5.4) ru le  o u t the 
presence o f a com m on con tam inan t w h ich  gives rise to  the presence o f bands 
on a b lo t p repared  fro m  samples o f und igested to ta l genom ic DNA. However, 
they do n o t resolve the s itua tion  in  re la tio n  to  the source o f these bands, as the 
results ob ta ined fro m  d iffe re n t samples prepared  fro m  the  same don o r are in  
d isagreem ent.
Figure 5.3 Southern b lo t o f samples o f undigested genomic
DNA probed w ith  the 3 ’ KEL  fra g m e n t
Track 1 is und igested  Kq genom ic DNA, Tracks 2, 3 and 5 are samples o f 
undigested Kk genomic DNA fro m  the same donor, tracks 4 and 6 are undigested 
kk genomic DNA fro m  one dono r and track  7 is undigested genomic DNA fro m  a 
second kk donor. The b lo t was probed w ith  the 3 ’ KEL fragm ent.
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Figure 5 .4  Southern b lo t o f samples o f undigested genomic
DNA probed w ith  the 5' KEL  fra g m e n t
Track 1 is 1 kb DNA ladder and track  2 contains on ly  load ing dyes and TE bu ffe r. 
T rack 3 is und igested  Kq genom ic DNA, Tracks 4, 5 and 7 are samples o f 
undigested Kk genomic DNA from  the same donor, tracks 6 and 8 are undigested 
kk genomic DNA fro m  one donor and track  9 is undigested genom ic DNA fro m  a 
second kk donor. The b lo t was probed w ith  the 5 ' KEL fragm ent.





5 .2 .4  H y b r id iz a t io n  o f  p a rts  o f  th e  3 ' KEL  fra g m e n t to  b lo ts  o f  Kq 
and  K k  to ta l genom ic  DNA
In an a ttem pt to  c la r ify  the s itua tio n  the 3 ' probe was d iv ide d  in to  five  sm aller 
fragm ents by  d igestion w ith  Pst I (Figure 5.5). Three o f  these fragm ents were 
su ffic ie n tly  large to  be iso lated by  gel p u rif ic a tio n  (section 2.9). These were the 
291bp, 336bpand 394bpfragm ents. The two sm aller fragm ents (29bp and 90bp) 
are too sm all to  be conven ien tly  iso lated by  gel pu rifica tio n .
Each o f the  th ree  la rg e r fragm ents  were iso lated, ra d io la b e lle d  and used as 
probes w ith  b lo ts o f Hpa. II and Msp I digested to ta l genom ic DNA fro m  K q , Kk 
and kk  samples (one sample o f each). I t  was hoped th a t th is  approach w ou ld  
h ig h lig h t w h ich  p a r t o f the  3 ’ frag m en t gave rise to  each band on the b lot, 
a id ing  the in te rp re ta tio n  o f the s truc tu re  o f the Kq gene w ith  respect to no rm a l 
KEL genes. Four b lo ts were prepared, each w ith  a size m arke r and the samples 
described above. The b lo ts were then  p robed  w ith  the in ta c t 3 ’ fragm ent and 
each o f the th ree  sm aller fragm ents o f the 3' h a lf (Figure 5.6).
The results ob ta ined fro m  these b lo ts showed tha t two bands (660-750bp and 
3200-3800bp) were present in  the K c/H pa II d igested sam ple w ith  a ll fo u r  
probes. An extra  band o f 5000-5500bp was present in  th is  sample when probed 
w ith  the 336bp, the 394bp probe and the in tac t 3' probe. A  single band o f around 
3500bp (3200-3800bp) was detected in  the K o/M spl sample w ith  a ll fo u r  probes. 
One band was detected in  the  Kk/Hpa  II digest and th is  was present w ith  the 
336bp, the 394bp and the in tac t 3' probe, bu t was absent w ith  the 291bp probe. A 
second band o f 660bp was also detected in  this sample when the b lo t was probed 
w ith  the 394bp probe. These results have fa iled  to  c la r ify  the s itua tion  as bands 
w h ich  were detected in  the in it ia l experim ents (Figure 5.1) were n o t detected in  
a repeat o f th is experim ent using the in ta c t 3' fragm ent (Figure 5.6 D).
5 .2 .5  S o u th e rn  b lo ts  o f  to ta l genom ic  DNA d iges ted  w ith  a v a r ie ty  o f  
r e s t r ic t io n  e n zym e s
The band ing  pa tte rns  ob ta ined  fro m  these in it ia l experim ents in d ica ted  th a t 
th is  p a rtic u la r Kq in d iv id u a l is like ly  to  have a KEL gene s im ila r to  tha t present 
in  the Kk in d iv id u a l. In  an a ttem pt to  c la r ify  the s truc tu re  o f  the KEL gene in  
the Ko in d iv id u a l, fu r th e r  re s tr ic tio n  enzyme digests using Eco RI, Bam HI, Sal I , 
Pst I and com binations o f Eco R I/ Msp I and Eco R I/ Hpa II were pe rfo rm ed  and
Figure 5.5 M ap o f fragm ents generated on P s t I  digestion o f the
KEL  3 ' h a lf  length  fragm ent
D iagram m atic  re p re s e n ta tio n  o f  the  3 ' h a lf  le n g th  KEL cDNA fra g m e n t 
ind ica ting  the pos itions o f Pst I sites w ith in  the  sequence and the  fra g m e n t 
sizes w h ich w ou ld  be generated on digestion w ith  Pst I. The positions o f the 
Pst I res tric tio n  sites are according to  the num bering  as p rev io us ly  de fined by 
Lee et ai., 1991.
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Figure 5.6 Southern blots o f Msp  I and Hpa  I I  digested genomic
DNA probed w ith  fragm ents o f the KEL  3 ' h a lf
Four b lots were p repa red  as fo llow s; track  1 was Hpa II d igested Kq genom ic 
DNA, track 2 was Msp I digested Kq genomic DNA, track  3 was Hpa II digested Kk 
genomic DNA, track  4 was Msp I digested Kk genomic DNA, tra ck  5 was Hpa II 
digested kk  genomic DNA and track  6 was Msp I digested kk  genomic DNA.
Blot A was probed w ith  the Pst I 291 bp fragm ent, b lo t B was probed w ith  the 
Pst I 336bp fragment, b lo t C was probed w ith  the Pst I 394bp fragm ent and b lo t D 
was probed w ith  the in tac t KEL 3’ fragm ent.
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used in  the p repa i'a tion  o f Southern blots. The b lo ts were then  p robed w ith  the 
3' and 5' KEL fragm ents. The results ob ta ined w ith  the 3 ' p robe  are shown in  
Figure 5.7.
The results obta ined fro m  th is  b lo t cou ld  n o t be easily in te rp re te d  as num erous 
bands were generated. The results o f the 3 ’ p robed  b lo t ind ica ted  th a t the Kq 
sample has extra bands com pared w ith  the Kk sample w ith  a ll digests analysed. 
The bands present in  the Kk sample are always present in  the Kq sample w ith  
the exception o f a 5200bp band present when the Kk genom ic DNA was digested 
w ith  Bam HI. The results obta ined when the same b lo t, a fte r rem ova l o f the 3' 
p robe  by  s tr ip p in g  w ith  SDS, was p robed  w ith  the  la be lled  5* h a lf  fragm en t 
were ve ry  s im ila r to those obta ined w ith  the 3 ' fragm ent. Again, a ll the bands 
present in  the Kk sample were present in  the Kq sample, w ith  the exception o f 
the 5200bp band in  the Bam H I digest. On com parison o f the  results o f p rob ing  
b lo ts o f undigested and digested Kq to ta l genomic DNA (Figures 5.2 and 5.7) i t  
was apparent th a t a band o f 3200bp is com mon to  every sample, im p ly in g  th a t 
th is  band lacks sites fo r  Eco RI, Msp I, Hpa II, Sal I and Pst I.
The results ob ta ined  fro m  these b lo ts  re in fo rce  the in it ia l find ings  th a t the Kq 
gene, in  th is  case, is s im ila r to tha t present in  an in d iv id u a l expressing no rm a l 
Kell system antigens on the red  cell surface.
5.3 O v e ra ll re s u lts  o b ta in e d  f ro m  S o u th e rn  b lo ts
The results o f the w o rk  described in  th is  section suggest th a t the  KEL gene is 
p resen t in  a recogn isab le  fo rm  in  th is  p a r t ic u la r  Kq in d iv id u a l,  a lthough  
precise in fo rm a tio n  regard ing  the gene arrangem ent has n o t been established. 
It  is lik e ly  tha t th is  example o f the Kq phenotype does no t arise as a resu lt o f a 
m a jo r o r  com plete gene de le tion  since s im ila r banding patte rns can be detected 
when Southern b lo ts  o f the to ta l genom ic DNA prepared  fro m  the  in d iv id u a l 
were p e rfo rm e d  using KEL sequence specific labe lled  probes. Had a m a jo r o r 
co m p le te  gene d e le tio n  been re sp o n s ib le  fo r  the  p re s e n ta tio n  o f th is  
phenotype, then few o r no bands w ou ld  be expected to  arise as a re su lt o f th is  
line  o f investiga tion .
The rem a ind e r o f th is  section w il l  deal w ith  the p rob lem s encountered w ith  
in te rp re ta tio n  o f the results obtained.
F igu re  5 .7  S o u th e rn  b lo t  o f  d iges ted  genom ic  DNA p ro b e d  w ith  3 ' 
h a l f  le n g th  KEL  f ra g m e n t
Tracks 1, 3, 5, 7, 9 and 11 are re s tr ic tio n  enzyme digests o f Ko genomic DNA and
tracks 2 ,4 ,6 ,8 ,1 0  and 12 are res tric tion  enzyme digests o f Kk genomic DNA. The
samples in  each track  have been digested as fo llows:-
Tracks 1 and 2 - Eco RI
Tracks 3 and 4 - Eco RI and Msp I
Tracks 5 and 6 - Eco RI and Hpa I I
Tracks 7 and 8 - Bam HI
Tracks 9 and 10 - Sal I
Tracks 11 and 12 - Pst I
The b lo t was probed w ith  in tac t KEL 3' fragm ent.
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F irs tly , the results w h ich  came to  lig h t by  the use o f undigested to ta l genom ic 
DNA m  Southern b lots, inc lude  the fo llow ing -
1
A band o f 1900bp appears in  samples o f undigested to ta l genomic DNA, prepared 
under various cond itions fro m  d iffe re n t b lood  samples, w hen p robed  w ith  the 
in ta c t 3' fragm ent (Figure 5.2). This band does no t appear when the 5' probe is 
used, suggesting th a t th is band is an authentic band w h ich relates to  the 3 ’ h a lf 
o f the cDNA sequence.
2
A 480bp band is presen t in  und igested to ta l genom ic DNA fro m  the tw o kk  
samples and the  Kq sample when these are p robed  w ith  the  in ta c t 3 ’ p robe  
(Figures 5.3 and 5.4). This band is no t apparent in  any o f the three Kk samples 
p repa red  fro m  the same donor. This suggests the presence o f a KEL spec ific  
sequence com m on to kk  and th is  Kq in d iv id u a l w h ich  appears to  be absent in  
the Kk donor.
3
A  1700bp band is presen t in  the  o r ig in a l Kk sample and the  Kq sample o f 
und igested  to ta l genom ic DNA w hen p robe d  w ith  e ith e r the  3 ’ o r  the  5* 
fragm en ts  (F igure  5.3). This band was n o t detected in  subsequent samples 
prepared fro m  the same Kk donor, o r in  any o f the kk  samples.
4
Five bands o f estim ated sizes 2900bp, 1900bp, 1700bp, 1400bp and 480bp were 
detected on p rob ing  a b lo t o f  undigested to ta l genomic DNA fro m  the Ko donor 
w ith  the 3' fragm ent (F igure 5.3). Bands o f 3100bp, 1700bp and 1300bp were 
detected on p rob ing  a b lo t o f the same sample w ith  the 5 ’ fragm ent. It is possible 
tha t, a llow ing  fo r  e rro rs  in  de te rm in a tio n  o f fragm en t sizes, these bands are 
the same as the 2900bp, 1700bp and 1400bp bands detected w ith  the 3' fragm ent. 
The 1900bp band detected w ith  the 3' fragm ent was shown to  be specific fo r  the 
3' fragm ent as discussed in  % above. None o f the band sizes obta ined fro m  these 
b lo ts re la te to  the size o f the 3' o r  5 ’ PGR products  c loned in  pTZ plasm ids (i.e. 
2860bp o f plasm id + 1157bp o f 5 ’ PCR p roduc t = 4016bp o r + 1208bp o f 3 ’ PGR 
p roduct = 4068bp). This discounts contam ination  o f the sample w ith  cloned KEL 
cDNA.
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Secondly, the results obta ined fro m  prob ing  blots o f to ta l genomic DNA digested 
w ith  re s tr ic tio n  enzymes ind ica te  the fo llow ing -
1
Eco RI digests o f the  Kk sam ple y ie ld  th ree  bands w hen p robe d  w ith  the  3 ’ 
fragm en t. The Kq sam ple gives fiv e  bands, th ree  o f  w h ich  re la te  to  those 
detected in  the Kk sample. This suggests sequence d iffe rences between the  two 
samples in  the genomic DNA w h ich relate to the 3' h a lf o f the KEL cDNA.
2
D igestion o f the Kk sample w ith  Eco RI and Msp I and p ro b in g  w ith  the  3 ’ 
fra g m e n t revea led a com ple te  absence o f bands (F igure 5.7). W hen the  Kq 
sample was trea ted in  the same m anner, tw o bands o f 3200bp and 660bp were 
present. The 3200bp band corresponds to  one o f the extra  bands present on 
p rob ing  a b lo t o f  undigested Kq genomic DNA w ith  the 3 ’ KEL fragm en t (F igure 
5.2). The sizes o f the two bands present in  the Eco R I/M sp I digest add up to give 
a band size w h ich  is the same as one o f the bands present in  the K o /M sp I digest 
(1300bp). This suggests th a t Eco RI cuts between tw o Msp I sites in  the v ic in ity  
o f  the chrom osom al KEL gene to  generate the 660bp band presen t on p ro b in g  
the Southern b lot.
3
W hen the o rig ina l sample o f Kk to ta l genomic DNA was digested w ith  Msp I and 
probed w ith  the 3' o r 5' fragments, fo u r  bands were ev iden t in  each case. When 
Ko DNA was trea ted  in  the same way, 6 and 4 bands were presen t respective ly  
(Figure 5.1). These digests were repeated, b u t on th is  occasion no bands were 
present in  the Kk sample w ith  e ith e r probe. However, one band was present 
(3800bp) in  the K q  sample w ith  the 3 ’ probe (Figure 5.6 D). This band m ay relate 
to the large extra band seen on the f irs t occasion using th is  probe.
4
W hen Kk to ta l genom ic DNA was digested w ith  Eco RI and Hpa II, tw o  bands 
(5500bp and 4600bp) were detected w ith  the 3' fragm ent (Figure 5.3). When the 
Ko sam ple was trea ted  in  the  same way, fo u r  bands were presen t (SSOObp, 
4600bp, 3200bp and 660bp). This shows th a t the two bands present in  the K k 
sample are also present in  the Kq sample, b u t th a t there are two bands present 
in  the Ko sample w h ich  are pecu lia r to  tha t sample.
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On d igestion  o f Kk to ta l genom ic DNA w ith  Hpa II, h ig h  m o le c u la r w e ig h t 
m a te ria l (8700bp) and a d iscre te  band (SSOObp) were detected w ith  the 3' 
fragm ent (Figure 5.6 D). A  band o f 5500bp was also detected when the sample 
was digested w ith  a com bination  o f Eco RI and Hpa II (F igure 5.7). This ind ica tes 
tha t there is no Eco RI site w ith in  the fragm ent generated by  Hpa II d igestion. 
W hen Ko to ta l genom ic DNA was digested w ith  Hpa II th re e  bands were 
generated (SSOObp, 3800bp and 660bp) (Figure 5.6 D). The 5500bp and 660bp 
bands were present in  the Eco RI/Hpa  II digest bu t two add itiona l bands (4600bp 
and 3200bp) were also present in  the double digest. These two bands m ay arise 
fro m  the p a rtia l digestion o f the 5500bp and 3800bp fragm ents by Eco RI to give 
4600bp and 3200bp fragm ents plus sm aller undetectable fragm ents. This w ould 
represent cleavage o f at least two sites by Eco RI. The results ob ta ined w ith  the 
Ko sample {Eco RI cuts a t one site ins ide  the Hpa II fra g m e n t) re in fo rc e  the 
find ings  fro m  the Msp I b lo t i.e. the Eco RI cuts once inside the Msp I fragm en t. 
This is no t su rp ris ing  as Hpa II and Msp I have the same sequence recogn ition  
site b u t va ry  in  th e ir  sens itiv ity  to  DNA m é th y la tio n  status, suggesting th a t the 
KEL gene is m ethylated.
Digestion o f Kk to ta l genomic DNA w ith  Bam HI and p rob ing  o f the b lo t w ith  the 
3 ’ fragm ent gave rise to  2 bands o f 5200bp and 3200bp (Figure 5.7). W hen the  Kq 
sample was treated in  the same manner, two bands o f 3200bp and llO O bp  could 
be detected. The 3200bp band is com m on to bo th  samples and the 5200bp band 
m ay represent incom p le te  d igestion o f the to ta l genom ic DNA. The presence o f 
the  llO O b p  band  in  the  Kq sam ple m ay rep resen t a sequence d iffe re n ce  
between the Kk and Kq samples as Bam HI is know n n o t to  cu t the coding 
sequence o f the 3' h a lf o f  the KEL cDNA. However, the in tro d u c tio n  o f a Bam HI 
site in  the Kq sequence w ou ld  a llow  the enzyme to  cu t the DNA and produce a 
sm a lle r fra g m e n t. A n  a lte rn a tiv e  e xp la n a tio n  to  th is  is th a t the  in tro n  
sequences in  the  tw o donors are su ffic ie n tly  d iffe re n t fo r  a Bam HI site to  be 
present in  Kq b u t absent fro m  Kk.
7
Kk to ta l genomic DNA was digested w ith  Sal I and the resu lting  b lo t was probed 
w ith  the  3 ' fragm en t (F igure 5.7). This gave rise to  a h igh  m o lecu la r w eight 
band w h ich  m ay arise as a resu lt fro m  the incom plete d igestion o f the sample, a 
fa in t band o f 3900bp and a band o f 1500bp. When Kq DNA was trea ted  in  the
1 0 7
same way, five  bands were generated. The f irs t was the h igh  m o lecu la r weight 
band described fo r  the Kk sample and fo u r  o the r bands o f 3900bp, 3200bp, 
ISOObp and llO O bp. These results show th a t the Kq sample contains two extra 
bands w h ich  were no t detected in  the Kk sample. I t  is know n th a t there is no 
Sal I recogn ition  sequence in  the 3 ' h a lf  o f the KEL cDNA sequence the re fo re , 
ex tra  spec ific  bands w o u ld  have to  arise by  a lte ra tio n s  o f th e  Kq cod ing  
sequence to  generate the  re s tr ic t io n  enzym e site o r by  the  presence o f Sal I 
sites in  the  in tro n  sequence w h ich  are absent fro m  the Kk in tro n  sequence.
Digestion o f Kk to ta l genomic DNA w ith  Pst I gave rise to  f iv e  bands on p rob ing  
the b lo t w ith  the 3 ’ probe (2700bp, 2100bp, ISOObp, 900bp and 480bp). A na lys is  
o f the Kq sample by the same m ethod resulted in  the detection o f 7 bands. Five o f 
these bands were present in  the Kk sample and the rem a in ing  tw o bands were 
o f 3200bp and 350bp. The presence o f so m any bands in  these samples is no t 
su rp ris in g  as the 3 ' cDNA w il l  generate 5 fragm ents on d iges tion  w ith  th is  
enzyme.
T h ird ly , the results w h ich  came to  lig h t as a resu lt o f p ro b in g  blots w ith  short 
length  fragm ents generated by  the digestion o f the 3 ' probe w ith  Pst I (section
5.2.4 and Figure 5.6) were as fo liows-
1
Probing a b lo t o f Kk DNA digested w ith  Msp I w ith  each o f  the sho rt leng th  
probes fa iled  to  y ie ld  any bands. Investigation o f the Kq DNA in  the same way 
gave one band w ith  each probe i.e. 3200bp w ith  the 291bp probe, 3500bp w ith  
the 336bp probe and 3800bp w ith  the 394bp probe. The 3800bp band is the on ly  
band present when Msp I digested Kk DNA was probed w ith  the in tac t 3' probe. 
I t  is possib le tha t, g iven e rro rs  in  es tim a tion  o f band size, th a t the  bands 
detected w ith  a ll three o f the short probes are the same band.
2
W hen Kk and Kq to ta l genomic DNA were digested w ith  Hpa II and the resu lting  
b lo t was p robe d  w ith  each o f the  th ree  short le ng th  probes, the  fo llo w in g  
results were obtained (Figure 5.6 and Table 5.2):-
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Tab le  5.2 Bands d e te c te d  b y  p ro b in g  S o u th e rn  b lo ts  o f  H p a  II 
d ig e s te d  Kq a nd  K k genom ic DNA w ith  sm a ll 
fra g m e n ts  o f  th e  KEL 3 ' h a lf

















From these results i t  can be seen tha t extra bands are present in  a ll Kq samples 
when com pared w ith  those obta ined fro m  the Kk sample. These band sizes are 
m arked w ith  an asterisk.
1 0 9
5.4  D iscu ss io n
The results de ta iled  above have shown th a t a KEL gene is p resen t in  the  Kq 
in d iv id u a l tested b u t have fa ile d  to  y ie ld  c lea r exp lana tions  o f  the  gene 
s truc tu re  in  th is  p a rt ic u la r  case o f the Kell n u ll phenotype. There are at least 
five  possible explanations fo r  the d ifferences between the  Ko sample and o ther 
samples investigated w h ich  have been deta iled in  section 5.3. These have been 
discussed below.
1 C o n ta m in a t io n
It  is u n lik e ly  th a t the resu lts  de ta iled  ea rlie r in  th is  section have arisen as a 
resu lt o f  con tam ina tion  o f the samples. There is no pub lished  data w h ich  details 
sequence hom o logy  between the  KEL cDNA sequence and any hum an  gene 
con tam inan ts  w h ich  w o u ld  be lik e ly  to  arise in  a la b o ra to ry  s itua tion , and 
c o n ta m in a tio n  o f  the  samples w ith  c loned KEL m a te r ia l has a lre a d y  been 
discounted (section 5.3).
2 D e g ra d a tio n  o f  th e  to ta l genom ic  DNA
I f  degradation o f the sample had occurred, then a smear w o u ld  be seen on the 
gel and the au torad iogram  when the b lo t was probed. There was no evidence o f 
such degradation (Figure 5.2). I t  is h ig h ly  u n lik e ly  tha t the DNA w ou ld  degrade 
by  cleaving a t exact p o in ts  a long its  leng th  to  generate fragm ents o f precise 
sizes w h ich  w ou ld  y ie ld  clear bands on p rob ing  the b lo t. Bands o f the same size 
were detected in  bo th  the Ko and Kk samples when p robed w ith  the 3 ' probe. I t  
is u n lik e ly  th a t deg rada tion  w o u ld  occur to  exactly  the same extent in  tw o  
independent samples.
3 Sequence d u p lic a t io n  in  th e  Kq gene
Extra bands appeared in  the Kq sample when the DNA was digested w ith  a 
v a r ie ty  o f  enzym es and the  re s u lt in g  b lo ts  were p ro b e d  w ith  a ll o f  the 
fragm ents prepared. In  m ost cases, the  bands present in  the  Kk sample, und e r 
the same conditions, were also present in  the Kq sample. This indicates tha t the 
sequences o f bo th  these samples are s im ilar, bu t tha t the extra  bands present in  
the Kq sample m ust have considerable sequence hom ology w ith  the probe. This 
suggests th a t pa rts  o f  the  KEL gene m ay have been d u p lic a te d  in  the  Kq 
in d iv id u a l. This w ou ld  give rise to  a banding pa tte rn  the same as the "n o rm a l" 
pheno type  sam ple w ith  ex tra  bands p resen t w h ic h  w o u ld  arise  fro m  the  
dup lica ted  sections o f the sequence. However, an in te rn a l sequence d u p lica tio n
w o u ld  a lte r  the  sizes o f the re s tr ic t io n  enzym e fragm en ts  genera ted  on 
d igestion. This w o u ld  resu lt in  a s ign ifican t a lte ra tio n  in  the band ing  p a tte rn  
obta ined when the p robed  b lots fro m  norm a l and the Kq sample were compared. 
This was shown n o t to  be the case. Therefore, any gene d u p lica tio n  w h ich  has 
occurred  w ou ld  have to  be in  the te rm in a l portions o f the gene.
4 D e le tio n s  in  th e  Kq sequence
E qu iva len t sized bands appear in  b o th  n o rm a l and Kq samples in  a ll the  
Southern blots prepared. This is con trad ic to ry  to a p a rt ia l gene de le tion  having 
occurred, as a de le tion  w ou ld  trunca te  the gene and consequently  give rise to  
d iffe re n t banding patte rns when com pared w ith  a no rm a l phenotype sample b y  
Southern b lo t analysis.
^  G ene re a r ra n g e m e n t
Extra bands occu r in  the  Kq sam ple w hen com pared w ith  a Kk sam ple by 
Southern b lo t analysis. Sequence hom ology between the p robe  and the DNA 
re la tin g  to  the bands detected is p re requ is ite  fo r  the de tec tion  o f these extra  
bands. This m ay ind ica te tha t the Kq gene is rearranged in  such a way tha t the 
sequence is s im ila r to  the "n o rm a l" sequence, b u t is s u ffic ie n tly  d iffe re n t tha t 
Kell p ro te in  cannot be expressed on the red  cell surface in  an antigenic fo rm . 
However, gene rearrangm ents w o u ld  give rise to  d iffe re n t band ing  pa tte rns  
when com pared w ith  a sample fro m  a norm a l Kell phenotype donor.
5.5 C o n c lu s io n s
One im p o rta n t piece o f in fo rm a tio n  w h ich  has come to  lig h t as a resu lt o f th is  
w o rk  is th a t th is  p a r t ic u la r  Kq in d iv id u a l appears to  have a KEL gene w h ich  is 
s im ila r to  the gene present in  n o rm a l Kell phenotype in d iv id u a ls . This im plies 
th a t th is  p a r t ic u la r  exam ple o f the  Ke ll n u ll pheno type  is u n lik e ly  to  have 
arisen fro m  a m a jo r gene de le tion  o r fro m  a com plete absence o f the KEL gene. 
Lee et a l  have repo rte d  the sequencing o f the KEL gene o f tw o  Kq in d iv id u a ls  
(Lee et a l,  1995 a). T he ir results show no differences, in  the cod ing  sequence, 
between the no rm a l and n u ll ind iv idua ls . This suggests th a t the  Kq phenotype 
m ay arise as a resu lt o f the action o f a m o d ify in g  gene at a la te r stage in  the 
developm ent o f the p ro te in  and its in se rtio n  in to  the red  cell m embrane; fro m  
the  la ck  o f p o s t- tra n s la tio n a l m o d if ic a tio n  re q u ire d  fo r  the  p ro te in  to  be 
inserted in to  the ce ll m em brane and expressed in  an an tigen ic  fo rm ; o r fro m
I l l
the  presence o f m u ta ted  upstream  regu la to rs  w h ich  are repressing  the KEL 
gene.
In  sum m ary, the re fo re , the  resu lts ob ta ined  fro m  the w o rk  described in  th is  
sec tion  g ive rise  to  m a n y  que s tions  re g a rd in g  in tra -  and in te r -d o n o r  
d iffe rences. M any o f these questions rem a in  unansw ered as c o n tin u in g  th is  
lin e  o f in ves tiga tion  w o u ld  have p roved  de trim en ta l to  the progress o f o the r 
aspects o f the pro ject. However, the im p o rta n t fact w h ich  has come to  lig h t as a 
resu lt o f  Southern b lo t inves tiga tion  is th a t th is  p a r t ic u la r  example o f the Kq 
phenotype does n o t appear to  arise fro m  m a jo r a lte ra tio ns  in  the KEL gene 
stucture.
SECTION 6
Automated direct sequencing of KEL PCR products
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SECTION 6 A u to m a te d  d ire c t  sequ enc ing  o f  KEL  PCR p ro d u c ts
6.1 In t r o d u c t io n  to  d ire c t  sequ enc ing  o f  PCR p ro d u c ts
Sequencing o f DNA can be approached fro m  several d iffe re n t angles, some o f 
w h ich  invo lve  the use o f cloned cDNA target in  e ithe r single stranded o r double 
stranded form s, as discussed in  sections 1.2.4 and 3.7. This approach allows the 
de te rm ina tion  o f the DNA sequence derived fro m  a single cloned DNA molecule. 
M is in co rp o ra tio n  by  Tag DNA polym erase may generate p roducts  w h ich  d if fe r  
fro m  tha t o f the o rig ina l target molecule. As a resu lt, m is in co rp o ra tio n s  aris ing  
fro m  Tag DNA po lym erase  in f id e l i ty  can o n ly  be d is tin g u ish e d  fro m  tru e  
differences by  sequencing m a te ria l fro m  several d iffe re n t clones. To e lim ina te  
such errors, m a te ria l fro m  several d iffe re n t clones m ust be sequenced. This is 
bo th  tim e consuming and expensive and, there fo re , a m ore suitab le a lte rna tive  
is the d ire c t sequencing o f unc loned  ta rge t m a te ria l w hereby the de term ined 
sequence is th a t o f a large p o p u la tio n  o f molecules. Several d ire c t sequencing 
m ethods are c u rre n tly  available and some o f these were used in  the course o f 
th is pro ject. These techniques and th e ir  associated problem s w ill be discussed in  
section 6.4. Having assessed these, i t  was decided th a t the techn ique o f choice 
was the autom ated d ire c t sequencing o f PCR p roduc ts  using the dye labe lled  
d ideoxy te rm in a to r cycle sequencing m ethod described in  section 2.20.6.
The d irec t autom ated sequencing o f PCR products was achieved w ith  the  he lp  o f 
M r Peter M a rtin  and M r G ary M a llin s  on o f the In te rn a tio n a l B lood G roup 
Reference Labora to ry  (IBGRL), Southmead, Bristol.
6 .2  In t r o d u c t io n  to  a u to m a te d  sequ enc ing
The Tag dyedeoxy te rm in a to r autom ated sequencing m ethod (A pp lied  Biosystems 
Inc.) was chosen fo r  the  d ire c t sequencing o f KTL-related PCR products. The 
reason fo r  th is  choice was tha t, in  view o f the size o f the KEL cDNA and the fact 
th a t sequence in fo rm a tio n  fo r  b o th  sense and antisense strands o f several 
in d iv id u a ls  o f  kn o w n  K e ll p h e n o ty p e  was re q u ire d , lo n g e r s tre tches o f 
in fo rm a tio n  cou ld  be ob ta ined  fro m  each reac tion  than  w o u ld  have been 
obta ined fro m  sequencing by  o the r techniques. Autom ated sequencing does no t 
invo lve  the use o f radio isotopes, w h ich  is also benefic ia l fro m  a safety p o in t o f 
view. This m ethod  is based on the Sanger d ideoxy  sequencing m ethod, b u t
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incorporates fo u r  dye labe lled d ideoxy nucleoside triphosphates, each hav ing  a 
d if fe re n t  c o lo u re d  tag, w h ic h  e ffe c t cha in  te rm in a tio n . Ta rge t DNA and 
sequencing p r im e r were added toge the r in  a single tube  in  the  presence o f 
each o f the fo u r dye labelled d ideoxy te rm inato rs , a dNTP m ix  (con ta in ing  dITP, 
dATP, dCTP and dTTP), Taq DNA polym erase and te rm in a to r am m on ium  cycle 
sequencing b u ffe r  (supp lied  by  the m anu fac tu re r). The reac tion  m ix tu re  was 
then  heated and cooled in  the same m anner as PCR to  a llow  the annealing and 
extension o f the sequencing p r im e r (section 2.20.6). This generated chains o f 
d iffe re n t lengths, each o f  w h ich  end in  a dye labe lled  ddNTP. The resu lting  
p ro d u c ts  w ere  th e n  e le c tro p h o re se d  in  a s ing le  tra c k  o f  a d e n a tu rin g  
po lyacry lam ide  gel. A laser scanned the gel on a fixed  axis and, as the dye tags 
passed, the sequence was recorded on a com puter system. This type o f ana lysis 
generates a series o f  co loured peaks, each peak re la ting  to  the dye tag ca rried  
by  the te rm in a l nucleotide. The o rd e r o f  the co loured peaks then  generates the 
sequence in fo rm a tio n . Sequences o f up to  600 nucleotides can be generated 
fro m  one sing le re a c tio n  by  th is  techn ique . Th is  com pares fa v o u ra b ly  to  
m anua l m ethods w h ich  requ ire  fo u r  gel lanes fo r  each sample (one fo r  each o f 
the in d iv id u a l te rm ina to rs). This can generate app rox im ate ly  400 nucleotides o f 
sequence using a liqu o ts  o f  the samples e lec trophoresed  fo r  2 and 5 hours 
respec tive ly . In  p rac tice , ra th e r  few er nuc leo tides can be reso lved  in  the 
m anua l techn ique.
6.3 A u to m a te d  sequenc ing  o f  PCR p ro d u c ts  a nd  an a lys is  o f  
r e s u l t s
The m ethod used fo r  the d irec t sequencing o f K E I-re la ted  PCR products  was the 
A p p lied  Biosystems Taq DyeDeoxy T e rm in a to r Cycle Sequencing K it w ith  the 
A pp lied  Biosystems M odel 373A autom ated sequencer accord ing  to the p ro toco l 
described in  section 2.20.6. A ll o f the PCR products sequenced were generated by  
RT-PCR (sections 2.5.2 and 2.7.1) fro m  in d iv idua ls  o f know n K /k  phenotype and 
a ll were Js(a-b+), Kp(a-b+). The status o f o the r Kell b lood  group system antigens 
was unknow n.
Samples fro m  two KK and two kk  donors were com ple te ly  sequenced on bo th  
s trands  in  o rd e r  to  d e te rm in e  d iffe re n ce s  w h ic h  m ay acco u n t fo r  the  
expression o f the K o r k  antigens (F igure 6.1 and append ix). The sequencing 
p rim ers used fo r  th is  purpose are detailed in  Table 6.1.
F ig u re  6.1 C o m p le te  sequence d e te rm in a t io n  f o r  th e  c o d in g  re g io n  
o f  KEL  cDNAs
Diagram matic representation o f the com plete sequencing o f bo th  strands o f PCR 
products derived fro m  two KK and two kk  donors. The donor's in it ia ls  and K e ll 
pheno type  are no ted  above the  re le v a n t d iag ram . A rro w s  re p re s e n t the  
d irec tion  o f the stretch o f sequence obta ined fro m  each in d iv id u a l reaction . The 
f irs t and last nuc leo tid e  pos itions  o f each sequence are no ted. The cod ing  
sequence o f KEL cDNA stretches fro m  nucleotide positions 124 to  2322. P osition  
refers to cDNA sequence num bered as described by Lee et a l, 1991. Primers used 
fo r sequencing are noted above o r below the re levant a rrow  and details o f these 
can be found  in  Table 6.1.
P.M.K K 538-913 1253-1644 2159-2354
P59117-552 9041262 P49 1632-2162 NPl
P4'8 " ......... P 5 8 .........^ ....™"NP6” "
^  NP7 ^  P54 ^  NP3 ^  P51




.. PS9.......^  P49 ..117-587 918-1248 .^  .....m ..1627-2122 2178-2354
P48 P58 ^ NP6 NPl
^  NP7 P54 ^  NP3 ^  P51




P59 ^  P49 122-733 901-1249 1667-2045 2162-2354
P48 ^  ..T5'?r™..^ NP6 ^ N P l
^  NP7 ^  P54 -K NP3




....  P59 ^  ......... "P49 .
118-581 905-1265 ^  - T B —  1651-2074 2168-2351
P48 ^  P58 NP6 ^ NP l ^
......... ... ^ ....... NP5.......... ^  .NP3 E il_____
96-196 420-939 1248-1769 1990-2322^-..-NFZ___  ^ ___ E54___  ^ __W31___
187-436 837-1256 1505-2054
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Lower case le tte rs  denote the  presence o f  an e x tra  e ig h t res idues w h ich  
in co rp o ra te  a re s tr ic t io n  enzym e site. These o ligonucleo tides w ere o r ig in a lly  
designed fo r  PCR w o rk  and subsequent c lon ing  o f the  p rodu c ts  (section 3). 
Position re fers to  the KEL cDNA nucleo tide  sequence num bered  as p rev ious ly  
repo rted  by  Lee et ai., 1991.
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The sequence o f each o f the fo u r  d iffe re n t KEL cDNAs was determ ined on both  
strands w ith  overlaps. The extent o f  sequence de te rm ina tio n  fro m  each p r im e r 
fo r  each cDNA is shown in  Figure 6.1. The com plete sequence data obta ined fo r  
each sample is deta iled in  the appendix.
D u ring  the  course o f th is  section o f w o rk , when o n ly  p a r t o f the sequence 
analysis re q u ire d  fo r  the  com parison  o f  KEL cDNAs encod ing  the  K and k 
antigens was com ple ted , Lee et al. p u b lish e d  evidence in d ic a tin g  th a t the  
sequence d iffe rence  between k  and K is a C->T s u b s titu tio n  at pos ition  701; 
where C gives rise to  the k  antigen and T gives rise to  the K antigen on the red 
ce ll surface  (Lee e t a l,  1995 a). The p ro je c t was com ple ted  to  p ro v id e  an 
independent de te rm ina tio n  o f any sequence difference.
The results ob ta ined  fro m  these sequencing experim ents c o n firm  th a t a single 
C->T s u b s titu t io n  is h ig h ly  lik e ly  to  be respons ib le  fo r  the  d iffe re n c e  in  
expression o f k  and K antigens as no o the r differences specific fo r  e ith e r o f the 
tw o  KK o r the tw o kk  sequences were apparent. However, several d iffe rences 
were de tected  w ith in  in d iv id u a ls . These presen ted as n o n -co m p le m e n ta ry  
nucleo tides on opposite  strands o f KEL cDNA fro m  a sing le in d iv id u a l.  For 
example, one strand m ay have a G at a p a rtic u la r pos ition  and the same pos ition  
o n  the  o p p o s ite  s tra n d  m ay  sequence as a T. C loser ana lys is  o f  the  
ch rom a tog ram s re s u lt in g  fro m  the  sequencing expe rim en ts  fa ile d  to  give 
agreement between the two strands. These differences are de ta iled  in  Table 6.4. 
I t  is im p o rta n t to  note th a t tw o o f the differences detected on on ly  one strand 
fro m  one in d iv id u a l m atched w ith  the  same d iffe re n ce s  fro m  a d if fe re n t 
in d iv id u a l i.e. the nucleotide at pos ition  1000 on the positive  strand o f bo th  A.T. 
(KK) and G.T.(kk) is A  in  bo th  cases, whereas the pub lished sequence has a C at 
th is position. The same tw o ind iv idua ls  also have a T at pos ition  1818 instead o f 
the pub lished  C. Both o f these sequence d ifferences conserve the am ino acid 
residues i.e. the am ino acid encoded at pos ition  1000 is a rg in ine  in  bo th  cases 
and the am ino acid encoded at pos ition  1818 is g lycine in  bo th  cases. The o ther 
n u c leo tid e  d iffe rences de ta iled  in  Tab le 6.2 appear to  be spec ific  to  each 
p a r t ic u la r  don o r and m ay have occurred  as a resu lt o f  Taq DNA polym erase 
in f id e lity  early  in  the in it ia l PCR reactions used to  generate the m a te ria l fo r  
sequencing. In  v iew  o f the fac t th a t va rious in d iv id u a l PCR reaction  p roducts  
were used to  com ple te  the  sequence data  fo r  any dono r, i t  is u n lik e ly  th a t 
p rodu c t fro m  a single PCR reaction was used fo r  sequencing the same reg ion  o f 
bo th  strands.
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T ab le  6.2 In te r - s t r a n d  sequ ence  d if fe re n c e s  w i th in  in d iv id u a ls
Donor Nucleotide
P osition
P ublished Strand Nucleotide
Nucleotide Sequenced Detected
P.M. 2000 T + A
P.M. 1977 T - C
P.M. 1873 T - A
P.M. 1460 T - G
P.M. 1227 G - A
A.T. 1000 C + A
A.T. 1818 c + T
A.T. 2102 c + T
A.T. 1548 G - C
A.T. 1576 G - A
A.T. 1211 G - T
G.T 908 G + A
G.T. 1000 C + A
G.T. 1186 C + T
G.T. 1349 A + T
G.T. 1626 A + T
G.T. 1673 C + G
G.T. 1818 C + T
G.T. 1723 G - C
G.T. 1725 G - C
G.T. 891 G “ C
G.T. 168 C - G
T.C. 2252 C + T
T.C. 2310 C + T
T.C 1305 A - G
T.C. 146 A - T
Nucleotides detected on the  negative s trand  sequence are g iven  as reverse 
com plem ent nucleotides.
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PCR p ro d u c ts  fro m  fo u r  KK in d iv id u a ls , tw o  Kk in d iv id u a ls  and f iv e  k k  
in d iv id u a ls  were sequenced in  the reg ion  a round  residue 701. Both sense and 
antisense strands fro m  each in d iv id u a l were sequenced. Prim ers P59 and NP5 
were used in  these expe rim ents  and the  sequences o f  the  o ligo n u c le o tid e  
p rim e rs  used are shown in  Table 6.1. The sequencing resu lts  ob ta ined  are 
detailed in  Table 6.3.
The resu lts o f  sequencing c le a rly  show the C->T change w h ich  is responsib le 
fo r  the  expression o f  the K a n d /o r  k  antigen on the  red  ce ll surface. In  the 
cases where PCR products  fro m  heterozygous in d iv id u a ls  have been sequenced, 
i t  is clear th a t the  nuc leo tide  w h ich  has been detected at pos ition  701 is T. This 
sequence codes fo r  the expression o f the K antigen. The reason tha t T is c learly  
detected and C is undetected in  heterozygotes is because the C peaks generated 
by autom ated sequencing are n o rm a lly  o f low er in ten s ity  than  any o f the peaks 
generated b y  the  o th e r th re e  nuc leo tides. The T s igna l dom ina tes in  the 
chrom atogram , b u t a sm aller C signal is v is ib le  beneath the  la rg e r peak. The 
peaks w ou ld  be requ ired  to  have s im ila r in tensities fo r  the sequencer to assign 
the  n u c lo e tid e  as N, w h ich  means th a t i t  is unab le  to  de fine  the precise 
nuc leo tide  present ( it  cou ld  be e ithe r o f tw o nuc leo tides based on the  peaks 
detected). The presence o f bo th  peaks at th is postion s tron g ly  suggest th a t the T 
sequence is presen t in  a p ro p o rt io n  o f the PCR p ro d u c t m olecules and the  C 
sequence is p re se n t in  th e  re m a in d e r o f  the  PCR p ro d u c t m o lecu les . 
Homozygous samples have o n ly  a s ing le c lear peak o f e ith e r C o r T at th is  
position. This has been illu s tra te d  in  Figure 6.2.
6 .4  A ssessm ent o f  d ire c t  se q u e n c in g  te c h n iq u e s
As m entioned  above, several d iffe re n t techniques were assessed in  o rd e r to 
establish the most suitab le m ethod fo r  the d ire c t sequencing o f PCR products. 
A ll o f  these techniques had associated problem s and, on the  basis o f the in it ia l 
results obtained, autom ated d ire c t sequencing was dete rm ined  to  be the m ethod 
o f choice. The o the r m ethods w h ich  were assessed are deta iled below and some 
o f the problem s and the reasons fo r  th e ir  occurrence have been discussed.
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Tab le  6.3 S equenc ing  o f  sense a n d  an tisense  s tra n d s  o f  PCR 
p ro d u c ts  g e n e ra te d  f ro m  k n o w n  K e ll p h e n o ty p e  































TTCCTTAAAC TTTAACCGAA GGCTGAGACTTCTGATGAGT 
TTCCTTAAAC TTTAACCGAA TGCTGAGACTTCTGATGAGT 
TTCCTTAAAC TTTAACCGAA TGCTGAGACTTCTGATGAGT 
TTCCTTAAAC TTTAACCGAA TGCTGAGACTTCTGATGAGT 
TTCCTTAAAC TTTAACCGAA TGCTGAGACTTCTGATGAGT 
TTCCTTAAAC TTTAACCGAA TGCTGAGACTTCTGATGAGT 
TTCCTTAAAC TTTAACCGAA TGCTGAGACTTCTGATGAGT 
TTCCTTAAAC TTTAACCGAA GGCTGAGACTTCTGATGAGT 
TTCCTTAAAC TTTAACCGAA GGCTGAGACTTCTGATGAGT 
TTCCTTAAAC TTTAACCGAA GGCTGAGACTTCTGATGAGT 
TTCCTTAAAC TTTAACCGAA GGCTGAGACTTCTGATGAGT 
TTCCTTAAAC TTTAACCGAA GGCTGAGACTTCTGATGAGT
Sequences g iven  are fo r  the sense s tra n d  on ly . Results ob ta in e d  fo r  the 
antisense strands were the exact reverse com plem ent sequences to  those shown 
above fo r  each don o r sample. Primers P59 and NP5 were used to  sequence the 
sense and antisense strands respective ly in  the p o lym o rp h ic  reg ion  (Table 6.1). 
The K /k  p o lym o rp h ism  is present a t pos itio n  701 and th is  is m arked w ith  an 
asterisk.
F igu re  6 .2  S equenc ing  peaks g e n e ra te d  f ro m  th e  a u to m a te d
sequ enc ing  o f  PCR p ro d u c ts  d e r iv e d  f ro m  h o m o zyg o u s  
a n d  h e te ro z y g o u s  in d iv id u a ls .
D iagram m atic rep resen ta tion  o f  re la tive  T and C peak he igh ts  o b ta ined  by  
autom ated sequencing o f PCR p roducts . 1 ind ica tes a s ing le T peak fro m  a 
homozygous KK sample where T is the on ly  nucleotide present at pos ition  701. 2 
indicates a single C peak fro m  a hom ozygous kk  sample where C is the  o n ly  
nu c leo tid e  p resen t a t p o s it io n  701. 3 in d ica tes  T  p lus  C peaks f ro m  a 
heterozygous Kk sample where bo th  C and T are present at pos ition  701 and 
appear as a strong T peak accompanied by a less intense, unde rly ing  C peak.




The f ir s t  m e thod  investiga ted  was Taq DNA po lym erase cycle sequencing o f 
double stranded DNA (section 2.20.4). This m ethod was ca rrr ie d  ou t in  two steps, 
the f ir s t  o f w h ich  was the  la b e llin g  step in  w h ich  the  p r im e r  was extended 
using three o f the fo u r  deoxynucleoside triphosphates in c lu d in g  one « -labe lled  
dNTP. The m ix tu re  was then  th e rm a lly  cycled to  p roduce a labelled, extended 
p r im e r, the  le ng th  o f w h ich  is dependent on the  tem p la te  sequence. In  the  
second step, fu r th e r  am ounts o f a ll fo u r  o f the deoxynucleoside triphosphates 
were added along w ith  a chain te rm in a tin g  d ideoxynucleoside triphospha te  and 
the  re a c tio n  was again th e rm a lly  cycled. DNA synthesis d u r in g  th is  step 
continues u n t i l  a ll g row ing chains are te rm ina ted . A fte r  e lectrophoresis o f the 
p roducts  on a dena tu ring  po lyacry lam ide  gel and exposure o f  the gel to  X-ray 
film , the sequence can be determ ined. This m ethod was a ttem pted several times 
using KEL PCR products as the double stranded DNA target m ate ria l. The results 
ob ta ined on a ll occasions were ve ry  poor. The autorad iographs w h ich  resu lted  
fro m  these experim ents com ple te ly lacked any banding p a tte rn  even a fte r long 
exposure o f the gel to  the f ilm . This suggested th a t the sequencing p r im e r was 
n o t b in d in g  to  the  ta rg e t to  a llow  extens ion  and te rm in a tio n  o f  cha ins  
in c o rp o ra tin g  the  ra d io iso tope . Several d iffe re n t PCR p ro d u c ts  o f v a ry in g  
quantities  and d iffe re n t sequencing prim ers were used in  attem pts to  solve th is 
p ro b le m . The sequencing  p r im e rs  w ere  ana lysed b y  p o ly a c ry la m id e  gel 
electrophoresis and were found  to  give a single band, in d ica tin g  tha t there was 
no p r im e r  d e g ra d a tio n  w h ich  c o u ld  g ive rise  to  p ro b le m s . The cy c lin g  
param eters were also va ried  to  t r y  to  op tim ise  the cond ition s  fo r  use o f the 
techn ique  w ith  the  KEL PCR p ro d u c t targets, b u t none o f  these approaches 
proved successful. It was decided tha t th is m ethod was u n like ly  to  be suitable fo r  
ro u tin e  use.
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The second approach inves tiga ted  was the  use o f asym m etric  PCR (section  
2.20.2) to  p roduce  p re d o m in a n tly  s ing le s tranded PCR p ro d u c ts  fo r  d ire c t 
sequencing by  the Sequenase Version 2.0 method. L inear (n o t lo g a rith m ic ) 
a m p lific a tio n  o f PCR p rodu c ts  was achieved by a d d it io n  o f one o f  the  tw o 
o ligonuc leo tide  p rim ers  in  large excess. As a result, large qua n titie s  o f one o f 
the two strands o f  the PCR tem plate were p re fe re n tia lly  produced. The resu ltin g  
m a te ria l was analysed on an agarose gel to  c o n firm  the  presence o f single 
stranded p rodu c t and th is was gel p u r if ie d  to  ensure th a t the ta rge t m a te ria l fo r  
sequencing was o f  su itab le  q u a lity . Single s tranded m a te ria l m igrates faste r
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than  double stranded m ate ria l o f equ iva lent size on agarose gel e lectrophoresis. 
A  v a rie ty  o f  concentra tions o f ta rge t m a te ria l were then  used fo r  sequencing. 
The samples were e lectrophoresed  on a d en a tu ring  p o lya c ry la m id e  gel and, 
a fte r f ix in g  and d ry in g , th is  was exposed to  X-ray f ilm . The resu lts  ob ta ined  
showed tha t, a lthough  the co n tro l sample supp lied  w ith  the k it  gave rise to a 
fa in t banding pa tte rn , no band ing  p a tte rn  was observed w ith  the test samples, 
even when the  gel had been exposed to  the X-ray f ilm  fo r  p ro longed  periods o f 
tim e. Again, th is  in d ica ted  a p rob lem  w ith  e ith e r the  ta rg e t m a te ria l o r  the 
annea ling  and extension o f  the  p r im e r. The ta rg e t m a te ria l used in  these 
experim ents had been p repared by PCR and the products  had been p u r if ie d  to  
rem ove contam inants w h ich  cou ld  in te rfe re  w ith  the sequencing reaction . This 
reduces the  p o s s ib ility  o f  the  p ro b le m  hav in g  a risen  fro m  the  tem p la te  
m ate ria l. The p rim ers  used were sequence specific p rim ers  w h ich  were e ith e r  
those used in  the  o r ig in a l PCR fo r  the  genera tion  o f the  tem p la te  o r  w ere 
in te rn a l p r im e rs  w h ic h  h a d  been show n to  be o f  good  q u a li ty  by  
po lyacry lam ide  gel analysis as discussed above. This also reduces the poss ib ility  
o f  fa ilu re  o f the  sequencing reactions o ccu rring  as a re su lt o f p o o r q u a lity  
p r im e rs . Th is  te chn ique  was also considered  as u n su ita b le  fo r  the  d ire c t 
sequencing o f PCR products.
3
The th ird  approach w h ich  was investigated was the b ind ing  o f PCR products  to 
S trep tav id in -coated Dynabeads (™ ) and subsequent d ire c t sequencing o f the  
bound  p ro d u c t (section 2 .20.5). The use o f these beads e lim in a te d  b o th  the 
necessity fo r  ce n tr ifu g a tio n  steps and the  need fo r  e thano l p re c ip ita t io n  o r 
p h e n o l e x tra c tio n  o f  the  te m p la te  m a te r ia l. T h is  te c h n iq u e  in v o lv e d  
a m p lifica tio n  o f the DNA ta rge t by  PCR using tw o p rim ers , one o f w h ich  had 
been b io tin y la te d  at the S' end d u rin g  synthesis. The degree o f b io tin y la tio n  o f 
each p r im e r  was assessed b y  p o ly a c ry la m id e  gel a n a lys is  w he re  th e  
b io t in y la te d  f ra c t io n  o f  the  p r im e r  m ig ra te s  m o re  s lo w ly  th a n  th e  
u n b io tin y la te d  fra c tio n . N o t a ll p r im e r molecules become b io tin y la te d  d u rin g  
th e ir  synthesis. This generates a PCR p ro d u c t w h ich  has a b io tin  labe l on one 
strand  and the PCR p ro d u c t can be bound  on to  s tre p ta v id in  coated m agnetic 
beads by  a b io tin /s tre p ta v id in  linkage, w h ich  is a ve ry  stable bond  and cannot 
ea s ily  be d e n a tu re d . A lk a lin e  d é n a tu ra tio n  was used to  separa te  the  
u n b io tin y la te d  s trand  fro m  the bound, b io tin y la te d  strand. The bound  strand 
was then used fo r  sequencing using the Sequenase Version 2.0 (™ ) m ethod fo r  
s ing le  s tra n d e d  ta rg e ts . T h is  m e th o d  guarantees re m o v a l o f  enzym es,
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o lig o n u c le o tid e  p r im e rs  and  u n in c o rp o ra te d  n uc leo tid es  fro m  the  ta rge t, 
leav ing  h ig h ly  p u r if ie d  DNA fo r  sequencing. These experim ents p roduced  
au to rad iog raphs  w h ich  had single bands a t the wells w here the samples had 
been loaded. This suggested th a t the re  had been some in c o rp o ra tio n  o f the  
iso tope in to  the  sam ple, b u t th a t the  presence o f  the  m agnetic  beads had 
prevented the m ig ra tion  o f the samples in to  the gel. I t  is possible th a t the heat 
déna tu ra tion  step p r io r  to  load ing  the sample had been in e ffe c tive  in  releasing 
the rad io labe lled  strand fro m  the tem plate strand w h ich was bound to  the bead. 
However, th is  is u n lik e ly  to  p reven t generation o f readable sequence on the 
gel, as the  sequencing p roducts  should be free in  so lu tion. The bound m ate ria l 
on ly  serves as a tem plate fo r  th e ir  generation. A possible exp lana tion  fo r  these 
results is th a t the sequencing reaction  had fa iled  and th a t res idua l ra d io a c tiv ity  
p resen t in  the  sam ple was re ta in e d  in  the  w e ll d u r in g  e le c trop ho res is . 
However, th is is un like ly . The b io tin y la te d  PCR p ro du c t was analysed by agarose 
gel e lec trop ho res is  p r io r  to  bead sens itisa tion  and  appeared no rm a l. The 
unbound strand fro m  the bead sensitisation was recovered, e thano l p rec ip ita ted  
and analysed by  agarose gel e lectrophoresis. The resu lts  ob ta ined  fro m  th is  
showed tha t the single stranded DNA cou ld  be recovered. This indicates th a t the 
b io tin y la te d  single s trand  rem a ined  a ttached to  the  beads and, the re fo re , a 
ta rge t was present fo r  sequencing. The q u a lity  o f data ob ta ined suggested th a t 
th is  techn ique w ou ld  be unsu itab le  fo r  the d irec t sequencing o f PCR products.
Û.
The fo u r th  m ethod used was the autom ated sequencing o f the Dynabead (TM) 
im m o b ilise d  m a te ria l described above (section 2 .20 .7). Th is  was a lo g ic a l 
p rog ress ion  fro m  the  w o rk  w h ic h  had  been ca rrie d  ou t, as an automated 
sequencer had been purchased by the B iochem istry Departm ent, U n ive rs ity  o f 
Glasgow at th is  tim e. In  th is  case, in te rn a l sequencing p rim e rs  were designed 
w h ic h  w o u ld  anneal to  the  re g io n  20 nuc leo tides  dow nstream  fro m  the 
annealing site o f the u n b io tin y la te d  PCR prim er. The reason these new prim ers 
were synthesised was th a t incom p le te  cha in  synthesis d u r in g  PCR m ay in h ib it  
th e  b in d in g  o f  the  PCR o lig o n u c le o tid e  p r im e rs  and, conse quen tly , the  
sequencing o f PCR-generated m ate ria l. The b io tin y la te d , im m ob ilised  p rodu c t 
was then used as a target w ith  the A pp lied  Biosystems Taq DyeDeoxy T erm ina to r 
Cycle Sequencing K it  and  the  A p p lie d  Biosystems M ode l 373A autom ated 
sequencer. PCR products were generated using one no rm a l and one b io tin y la te d  
p r im e r and these were used to  sensitise Dynabeads as before. A liquots  o f these 
sensitised beads were then  used d ire c t ly  w ith  the Taq DyeDeoxy T e rm ina to r
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Cycle Sequencing K it and the resu lting  m ixtures were loaded onto a denatu ring  
p o lya c ry la m id e  gel. Th is  was e lec trophoresed  and ana lysed on the  A p p lie d  
Biosystems M odel 3 73A autom ated sequencer. The results ob ta ined  fro m  th is  
were variab le . In  a few instances, sho rt stretches o f sequence were obta ined. 
However, these bore  no re la tio n  to  the  pub lished  KEL cDNA sequence. The 
reasons fo r  the occurrence o f  these resu lts  is unknow n . In  m ost cases no 
sequence in fo rm a tio n  show ing s im ila r ity  to  the pub lished  KEL cDNA sequence 
was obtained. The reasons fo r  th is  are lik e ly  to be the same as those discussed in  
3 above.
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The fin a l m ethod, and the m ethod w h ich  was chosen fo r  use, was the autom ated 
d irec t sequencing o f PCR products  (section 2.20.6). In it ia l results obta ined fro m  
th is  were poo r but, a fte r discussion o f the p ro toco l w ith  M r G ary M a llinson  o f 
IBGRL, the op tim um  cond itions fo r  the  d ire c t sequencing o f PCR products  were 
established and sequencing was pe rfo rm e d  to  give the resu lts  de ta iled  above. 
This w o rk  was carried  o u t w ith  the help o f M r Peter M a rtin  o f  IBGRL. A fa u lt  in  
the s e n s itiv ity  o f  the sequencer in  Glasgow cou ld  n o t be reso lved d u rin g  the 
pro ject, necessitating the use o f  the IBGRL fa c ility .
6.5 C o n c lu s io n s
The results detailed above are clear evidence to suppo rt the pub lished data th a t 
the K /k  po lym orph ism  is coded fo r  by  a single C->T subs titu tion  at pos ition  701 
(Lee et a l,  1995 a). No o th e r sequence d iffe rences were detected w hen PCR 
p roduc ts  fro m  tw o KK and two kk  in d iv id u a ls  were sequenced com p le te ly  on 
b o th  s tran ds , a lth o u g h  in te r -s tra n d  d iffe re n c e s  w ere  d e te c te d  w ith in  
ind iv idua ls . These were lik e ly  to  have arisen as a resu lt o f in f id e lity  o f the Taq 
DNA polymerase, as discussed in  section 6.3. The results ob ta ined fro m  the w o rk  
described in  th is section have p roved  to  be clear cut and do n o t give rise to  any 
questions regard ing  the basis fo r  the K /k  po lym orph ism .
SECTION 7
Development of a PGR-based assay for KEL 
genotyping
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SECTION 7 D e ve lo p m e n t o f  a PCR-based assay f o r  KEL  g e n o ty p in g
7.1 D e v e lo p m e n t o f  a PCR-based KEL  g e n o ty p in g  assay
The in tro d u c tio n  o f the PCR techn ique m arked an im p o rta n t tu rn in g  p o in t in  
transfus ion  science. I t  has a llow ed the developm ent o f d iagnostic assays fo r  the 
de te rm ina tion  o f b lood g roup  phenotypes by  investiga ting  d ire c t ly  the genetic 
m a te ria l. This is o f ben e fit in  cases w here ra re  an tise ra  are u na va ilab le  o r 
w here o n ly  sm a ll num bers o f  cells are ava ilab le  fo r  ty p in g , such as foe ta l 
samples being investigated where HDN is im plicated. The deve lopm ent o f such a 
techn ique fo r  Ke ll and Cellano typ in g  is described in  th is  section. The assay is 
based on the fac t th a t the po lym o rp h ism  w h ich  determ ines Kell and Cellano 
arises f ro m  a s ing le  n u c le o tid e  sequence d iffe re n c e , c re a tin g  a Bsm I 
re s tr ic tio n  enzyme site (section 6 and Lee et aJ., 1995 a). This site is generated 
o n ly  when the T (Ke ll) nuc leo tide  is present at po s itio n  701 (section 6). The 
ta rge t m a te ria l used in  th is  investiga tion  was to ta l genom ic DNA w h ich  can be 
isolated ra p id ly  fro m  sm all samples and in  m icrog ram  quan tities  su ffic ien t fo r  
use in  PCR. The re s u lt in g  PCR p ro d u c ts  can then  be d igested w ith  Bsm I 
re s tr ic tio n  enzyme and analysed by gel electrophoresis.
7 .2  R a tio n a le  o f  th e  assay
The deve lopm ent o f a PCR-based geno typ ing  assay fo r  d e te rm in a tio n  o f K /k  
status was an im p o rta n t aspect o f th is  pro ject. It has a llow ed the establishm ent 
o f an a lte rna tive  to  tra d it io n a l serological techniques w hereby sm all samples o f 
b lo o d , such as a n te -n a ta l samples, c o u ld  be used fo r  th e  pu rposes  o f 
unam biguous Kell typ ing .
7 .2 .1  P re p a ra tio n  o f  th e  ta rg e t  DN A
Several methods fo r  the p repa ra tio n  o f to ta l genomic DNA were assessed in  the 
course o f th is  w ork. The c r ite r ia  on w h ich  the assessment was based were the 
y ie ld  o f  to ta l genomic DNA obta ined pe r m ill i l it re  o f whole blood; the am ount o f 
tim e  re q u ire d  to  com ple te  the  p re p a ra tio n ; and the  q u a lity  o f  the  ta rg e t 
m a te ria l ob ta ined  w ith  respect to  genera tion  o f PCR p rodu c ts . From  in it ia l 
experiments, i t  was ev ident th a t the m ethod w h ich  fu lf i l le d  a ll o f the c r ite r ia  
was the techn ique described in  section 2.22.2 (M ille r e t aJ., 1988). This m ethod 
was used in  the p repa ra tion  o f a ll o f target m ate ria l used in  th is  section.
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7 .2 .2  S e le c tio n  a n d  d e s ig n  o f  o lig o n u c le o t id e  p r im e rs
Three fac to rs  were taken in to  accoun t w hen des ign ing  the  o lig o n u c le o tid e  
p rim ers fo r  use in  th is  assay. F irstly, p rim ers  were selected w h ich  w ou ld  annea l 
to  exon sequences w ith in  the KEL gene. The reason fo r  th is  was th a t the exon 
sequences are less lik e ly  to  e x h ib it sequence v a r ia tio n  between in d iv id u a ls  
than  are in tro n  sequences. Therefore , choosing p rim ers  w h ich  anneal to  exon 
sequences maxim ises the lik e lih o o d  o f the p rim ers  annea ling  to  a ll the to ta l 
genomic DNA targets used. The second fac to r was the expected sizes o f the PCR 
p roducts  w h ich  w o u ld  be generated using the chosen o ligonuc leo tide  p rim ers. 
This was im p o rta n t as tw o p roducts  were co-am plified, each o f  w h ich  was to  be 
cleaved by  d igestion w ith  Bsm I, and had to  be resolved by  gel e lectrophores is  
w ith o u t a m b ig u ity  (section  7 .2 .3 ). The th ird  fa c to r  w h ich  was taken  in to  
account was the nucleotide com postion o f each p rim er. The A+T : G+C ra tio  was 
c a re fu lly  chosen to  ensure a ll fo u r  p rim ers  used in  the  reac tion  had s im ila r 
m e ltin g  p o in ts  to  op tim ise  the  chance o f c o -a m p lific a tio n  o f  the  tw o PCR 
products (Table 7.1).
7 .2 .3  R e s tr ic t io n  enzym e  d ig e s tio n  o f  PCR p ro d u c ts  to  a llo w  
g e n o ty p e  d e te r m in a t io n
The presence o f the  gene encoding the Ke ll an tigen im p lie s  a T  residue at 
nucleotide postiton  701 (section 6, Lee et a l,  1995 a). This gives rise to  a Bsm I 
re s tr ic tio n  site w h ich  is absent fro m  the gene encoding the Cellano antigen. 
This sequence d iffe rence  fo rm ed  the basis o f  the assay, as Bsm I d igestion o f a 
PCR p ro d u c t w h ich  spans nucleotide 701 w ou ld  a llow  the de te rm in a tio n  o f the 
presence o f gene sequences encoding K a n d /o r  k  antigens. Two o ligonucleotide 
p r im e r pa irs were designed, one w h ich  spans the K /k  p o ly m o rp h ic  site, and a 
second w h ich  spans a separate Bsm I site (the presence o f w h ich  is independent 
o f K /k  status). The am p lifica tion  o f the  conserved Bsm I site and its  subsequent 
digestion acts as a con tro l fo r  the test (section 7.3).
7 .2 .4  A n a ly s is  o f  r e s t r ic t io n  enzym e  d igests  b y  ge l 
e le c t r o p h o r e s is
The digested PCR p roduc ts  described in  section 7.2.3 had  to  be s u ffic ie n tly  
d iffe re n t in  size to  be resolved by  gel analysis. The p rim ers  chosen allow ed the 
co-am plifica tion  o f two fragm ents o f approxim ate sizes 600bp and 860bp.
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Tab le  7.1 O lig o n u c le o tid e  p r im e rs  used in  th e  KEL  
















Position re fe rs  to  the KEL cDNA nucleo tide  sequence num bered  as p rev ious ly  
reported  (Lee et ah, 1991).
One set o f p rim ers (D1 + D2) was designed to span the K /k  p o ly m o rp h ic  site at 
701 and the second set (D3 + D4) am plifies a region con ta in ing  a conserved Bsm 
I site (Figure 7.1).
1 2 6
Digestion o f each o f these fragm ents by Bsm I generated tw o  fragm ents. The 
600bp fragm ent gave rise to  500bp and lOObp digestion products, and the 860bp 
frag m en t gave rise  to  395bp and 465bp digestion p roducts . These fragm ents 
could be resolved on a 2% agarose gel (section 2,8). This allowed a ra p id  analysis 
o f results, a fa c to r w h ich  is p re requ is ite  in  any tran s fus ion  science d iagnostic 
test.
7.3 Results o f  PCR-based KEL  g e n o ty p in g
Tota l genomic DNA was iso lated fro m  samples o f anticoagula ted whole b lood  as 
described in  section 2.22.2. This m ethod was used because the fin a l p roduc t can 
be obta ined w ith in  24 hours and the resu lting  m ate ria l is o f suitable q u a lity  and 
adequate y ie ld  fo r  use in  a d iagnostic assay as discussed in  section 7.2.1. The 
resu ltin g  DNA samples were resuspended in  TE b u ffe r (section 2.2), the A 2 6 O 
measurements were taken and the DNA concentra tions estim ated assuming th a t 
an A 2 6 O o f 1 is equ iva len t to  50p,g/m l o f  to ta l genom ic DNA (Sam brook et ai., 
1988). Ifxg o f th is DNA was then  used as a target fo r  PCR, fo llo w in g  the p ro toco l 
described  in  section 2.7.4, w ith  the  excep tion  th a t 6QOC was used as the  
annealing tem pera ture . Two sets o f  PCR o ligonucleo tide  p rim ers  were used in  a 
single reaction as discussed in  section 7.2.2 (Table 7.1). It is possible tha t the PCR 
p ro d u c ts  generated cou ld  con ta in  Taq DNA po lym erase m is in co rp o ra tio n s  
w h ich  w ou ld  a lte r Bsm I re s tr ic tio n  enzyme sites thus p reven ting  digestion. The 
use o f I j ig  o f target m ate ria l ensures tha t, even i f  a m is in co rp o ra tio n  occurs in  
an early  ro u n d  o f the PCR, then  th is  w ill on ly  represent a sm all p ro p o rtio n  o f 
the o ve ra ll p ro d u c t and shou ld  n o t lead to  m is in te rp re ta tio n  o f the donor's 
genotype.
The products  am p lified  span nucleotide residues 524-795 (K /k  po lym orph ism  is 
at nucleotide pos ition  701) and 1864-2144 on the KEL cDNA sequence. However, 
in tro n  sequences are also a m p lifie d  when the  o ligonuc leo tide  p rim ers  are used 
w ith  to ta l genom ic DNA as a target. These increase the sizes o f the f in a l PCR 
p ro d u c t to  app rox im ate ly  600bp and 860bp respective ly (Table 7.2 and F igure  
7.1).
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Table 7.2 Sizes o f KEL  fragm ents generated by PCR
PCR INTRON APPROX. APPROX. PCR
FRAGMENT SITE INTRON SIZE FRAGMENT SIZE
524-795 648 330bp 600bp
18642144 1894 230bp 860bp
18642144 2064 350bp 860bp
N u m be ring  is based on th e  KEL cDNA n u c leo tid e  sequence as p re v io u s ly  
reported  by Lee et ah, 1991. In tro n  positions, derived fro m  Lee et a l  1995 b, are 
corrected fro m  those pub lished to  con fo rm  to the num be ring  pub lished by Lee 
et al. 1991. In tro n  lengths are as stated by Lee et al., 1995 b.
F igu re  7.1 D ia g ra m m a tic  re p re s e n ta t io n  o f  th e  KEL  gene and  
th e  re g io n s  a m p lif ie d  b y  PCR
Diagram o f the KEL gene. Exons are num bered 1 to  19. PCR products  am p lified  
using p r im e r  pa irs D1+D2 and D3+D4 (Table 7.1) are the  600bp and 860bp 
fragments. The 600bp fragm en t spans exons 5 and 6, and in tro n  5. The 860bp 
fragm ent spans parts o f exons 16 and 18, and a ll o f exon 17 and in trons  16 and 
17. The positions o f Bsm I sites w ith in  the  two PCR fragm ents and the expected 
sizes o f the d igestion products are indicated.
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The PCR products, w h ich  were generated using to ta l genomic DNA samples fro m  
a co n tro l Kk sample and the two p r im e r pairs, were digested w ith  Bsm I fo r  1 
h o u r at 55^C. 2.5 Units o f enzyme were used in  20pil digests (section 2.12). The 
to ta l digests were electrophoresed on a 2% agarose/TBE gel (section 2.8). Figure
7.2 illus tra tes  the results expected on Bsm I d igestion o f each o f the fragm en ts  
generated fro m  PCR using the  o ligonuc leo tide  p rim e rs  de ta iled  above and a 
co n tro l Kk sample.
The in c lu s io n  o f the 860bp in te rn a l c o n tro l serves tw o  purposes. The f ir s t  is 
th a t the 860bp p ro d u c t always contains a Bsm I site irre sp e c tive  o f the Ke ll 
status o f the dono r and, hence, i t  m on ito rs  the a c tiv ity  o f  the Bsm I re s tr ic tio n  
enzym e. Such a c o n tro l is essentia l as a 600bp  fra g m e n t fro m  the  h ig h  
inc idence  k k  pheno type  lacks the  Bsm I s ite and, as a resu lt, w i l l  rem a in  
undigested. Therefore, in  m ost cases the f in a l p rodu c t o f  the  assay w ill be the 
in ta c t 600bp fragm en t resu ltin g  fro m  genomic DNA o f the kk  phenotype. The 
same p a tte rn  w o u ld  be detected fo r  KK and Kk samples i f  inac tive  Bsm I had 
been used fo r  the digest and th is  w o u ld  resu lt in  the m is-d iagnosis o f the Kell 
status o f the donor. Failure o f  d igestion o f  the 860bp p ro d u c t w ou ld  ind ica te  a 
p rob lem  w ith  the enzyme and the test cou ld  be repeated. The second purpose is 
to  illu s tra te  tha t the digest has reached com ple tion  i.e. th a t a ll possible Bsm I 
sites have been digested b y  the enzyme. I f  in su ffic ie n t enzym e had been added 
o r the a c tiv ity  o f the enzyme was s ign ifican tly  reduced and the reaction has n o t 
gone to  com ple tion, then  the banding pa tte rn  obta ined fro m  a p a r t ia lly  digested 
KK sam ple w o u ld  resem ble th a t fro m  a com ple te ly  d igested Kk sample. The 
in co rp o ra tio n  o f the co n tro l p ro d u c t w ou ld  show the presence o f some residua l 
8 6 0 b p  b an d  in  th is  s itu a t io n . T h is  w o u ld  reduce  the  p o s s ib i l ity  o f  
m is in te rp re ta tion  o f genotype as a resu lt o f incom plete digestion.
Samples o f to ta l genomic DNA were prepared fro m  each o f  five  kk, Kk and KK 
donors, l^ g  o f each o f these samples was used in  PCR as described above. 10^1 o f 
each o f the fOOjxl PCR reaction products were then digested as deta iled above and 
the digested m ate ria l was analysed by  gel e lectrophoresis. 10[xl o f each o f the 
und igested PCR p roduc ts  were e lectrophoresed fo r  com parison. PCR con tro ls  
in c lud ed  one reaction  con ta in ing  a ll constituents w ith  the exception o f  ta rge t 
DNA and a second reac tion  con ta in ing  a ll constituen ts w ith  the  exception o f 
o lig o n u c le o tid e  p rim e rs . These co n tro ls  e lim in a te  the  p o s s ib ility  o f  n on ­
specific  p rodu c ts  being a m p lifie d  as a re su lt o f con tam in a tion  o f any o f the 
reac tion  constituents, l^ig o f a 1 kb  DNA ladder (Gibco BRL) was used as a size
F igure  7 .2  Agarose ge l a n a lys is  o f  r e s t r ic t io n  enzym e d igests  o f
KEL  PCR p ro d u c ts  a m p lif ie d  f ro m  genom ic  D N A f ro m  a 
K k d o n o r
2% agarose gel o f und igested  and Bsm I re s tr ic t io n  enzym e d igested PCR 
products. T rack 1 con ta ins 1 kb DNA la d d e r size m arke r, tra c k  2 conta ins 
undigested 600bp PCR p ro d u c t, tra ck  3 contains Bsm I d igest o f 600bp  PCR 
product, track 4 contains undigested 860bp PCR product, track  5 contains Bsm I 
digest o f 860bp PCR p roduct, track  6 contains undigested 600bp plus 860bp PCR 
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m arke r and a digest o f the two fragm ents am p lified  fro m  a know n Kk c o n tro l 
sample was inc luded  to  a llow  d irec t com parison w ith  bands generated in  the test 
samples (Figure 7.3 a,b,c).
The results shown in  Figure 7.3 are evidence tha t th is  assay y ie lds unam biguous 
K /k  genotyp ing results. This cou ld  be used co n fid e n tly  in  a ro u tin e  s itua tion  as 
the results ob ta ined  are easily in te rp re te d  and the con tro ls  in c lu d e d  in  the 
assay w ou ld  give strong ind ica to rs  to  the source o f any prob lem s w h ich  m ay 
arise th ro u g h  its  use.
7 .4  D is c u s s io n
O ther m ethods w h ich  cou ld  have been used to  o b ta in  genotype in fo rm a tio n  
inc lude  RFLP analysis using genom ic DNA. This is a m ethod w hereby the DNA is 
d ire c tly  digested w ith  a re s tr ic tio n  enzyme and the digested m ate ria l is analysed 
b y  Southern b lo ttin g . This is a ve ry  tim e consum ing techn ique w h ich  does no t 
always give unam biguous results. The assay described in  th is  section is based on 
RFLP analysis o f  PCR p roduc ts  and th is  y ie lds  m ore precise in fo rm a tio n  than  
RFLP on genomic DNA. A no the r m ethod w h ich cou ld  have been adopted was the 
use o f  m ism atch  analysis where the strands o f doub le  s tranded c o n tro l PCR 
products are a lka li-dena tu red  and are m ixed w ith  s im ila r ly  trea ted  test sample. 
The strands are th e n  a llow ed to  reannea l to  fo rm  h o m o d u p le x  and some 
he te rodup lex  molecules. These are then  gel e lec trophoresed  and d iffe re n tia l 
m ig ra tio n  o f  the two types o f molecules allows genotype de te rm ina tio n . This 
m e th o d  m ay n o t a lw ays y ie ld  d e f in it iv e  in fo rm a tio n  dep end ing  on the  
reso lu tion  obta ined in  d iffe re n t gel analyses. Genotyping can also be pe rfo rm ed  
us ing  a lle le  spec ific  p r im e r  PCR (section  1.4). Th is  m e th o d  invo lves  the  
synthesis o f  th ree  o ligonuc leo tide  p rim ers, one o f w h ich  anneals at a pos ition  
w h ich  is rem ote fro m  the  p o ly m o rp h ic  site and tw o w h ich  are id e n tic a l in  
sequence w ith  the  excep tion  o f the  extrem e 3' nuc leo tid e . One o f the tw o 
o lig o n u c le o tid e  p r im e rs  has the  3 ' te rm in a l n u c le o tid e  spe c ific  fo r  one 
genotype and the o the r has the 3 ' te rm ina l nucleotide specific fo r  the opposing 
genotype. Two separate PCR reactions are then  perfo rm ed , each con ta in ing  the 
non  genotype specific o ligonuc leo tide  p r im e r and e ith e r o f the  tw o  genotype 
specific o ligonuc leo tide  p rim ers . The PCR p r im e r w ill be extended o n ly  when 
the  3 ’ te rm in a l nu c le o tid e  is co m p le m e n ta ry  to  the  ta rg e t sequence. The 
presence o r absence o f detectab le  PCR p ro d u c t by  gel analysis th e n  allow s 
genotype de te rm ina tion . This m ethod  w o u ld  have been a su itab le  a lte rn a tive
F igu re  7.3 Agarose ge l a n a lys is  o f  c o -a m p llf ie d  d ia g n o s tic  PCR 
p ro d u c ts  d iges ted  w ith  Bsm  I
The top figure  (Figure 7.3 a) illus tra tes the results obtcdned using the diagnostic 
assay w ith  samples derived fro m  five  independent kk  dono r samples.
The m idd le  fig u re  (F igure 7.3 b) illu s tra te s  the  resu lts  ob ta ined  using the  
diagnostic assay w ith  samples derived fro m  five  independent Kk dono r samples.
The b o ttom  fig u re  (F igure 7.3 c) illu s tra te s  the  resu lts  ob ta ined  using  the  
diagnostic assay w ith  samples derived fro m  five  independent KK donor samples.
The gels shown in  a ll th ree  figures were as fo llows:-
T rack 1 conta ins 1 kb DNA la d d e r m arke r, tra c k  2 con ta ins und igested  Kk 
con tro l PCR products, track  3 contains Bsm I digested Kk co n tro l PCR products. 
Tracks 4, 6, 8, 10 and 12 conta in undigested PCR products fro m  five  d iffe re n t test 
samples, tracks 5, 7, 9, 11 and 13 conta in  the corresponding Bsm 1 digested PCR 
products from  these five  test samples. T rack 14 contains the PCR co n tro l w h ich  
had no DNA target added and track  15 contains the  PCR c o n tro l w h ich  had  no 
oligonucleotide prim ers added.
The sizes o f the m arkers and o f the diagnostic DNA fragm ents are shown.
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technique to  the assay described in  th is  section. In  view o f the  prob lem s w h ich  
m ay arise in  the use o f the f irs t  two a lte rna tive  techniques discussed above, the 
PCR-based RFLP assay was the m ethod o f choice fo r  genotype de te rm ina tio n  in  
donor samples.
The resu lts  described in  e a r lie r pa rts  o f  th is  section dea l p u re ly  w ith  the 
investiga tion  o f KK, Kk and k k  know n phenotype samples. The reason fo r  using 
know n phenotype donors was th a t the like lih o o d  o f ob ta in ing  su ffic ien t KK and 
Kk samples fro m  a sm all random  selection o f  donor samples is extrem ely sm all 
in  v iew  o f  the  low  incidences o f these phenotypes. T he re fo re , in  o rd e r to  
dem onstrate th a t the assay w orks equa lly  w e ll fo r  a ll th ree  o f  these com m on 
phenotypes, samples o f p re -de te rm ined  Kell status had to  be used. Samples o f 
m ore unusual phenotype blood, such as Kq and Kmod, have n o t been assayed by 
th is  m ethod. This w ill be discussed in  section 8.
The assay described in  th is  section has been shown to give unam biguous results 
fo r  K /k  geno typ ing  w hen using to ta l genomic DNA as a target. This w ou ld  be 
p a r t ic u la r ly  usefu l fo r  ante-nata l K /k  typ in g  in  cases where HDN is im p lica ted . 
The assay is ra p id  and reasonable num bers o f samples cou ld  be dealt w ith  at any 
one tim e. Tota l genomic DNA can be prepared from  blood samples and stored in  a 
stable fo rm  fo r  long  pe riods  o f tim e. This fa c ilita te s  the  p la n n in g  o f w o rk  
where K /k  typ in g  is n o t to  be pe rfo rm ed  w ith  any degree o f urgency, o r  where 
repea t tests m ay be re q u ire d  a t a la te r  date. Th is  m e th od  o f K e ll status 
de te rm ina tio n  is extrem ely sensitive and reduces the p o s s ib ility  o f m is -typ in g  
w here weak reactions are ob ta ined  by tra d it io n a l sero log ica l m ethods. The 
in te rp re ta tio n  o f the results ob ta ined using the PCR-based geno typ ing  m ethod 
is s tra ig h tfo rw a rd  and leaves l i t t le  space fo r  e rro r, m aking  th is  a ve ry  user- 
f r ie n d ly  techn ique .
The developm ent o f th is  genotyp ing  assay illus tra tes  the  im portance  o f the use 
o f m o lecu la r b io logy techniques in  the fie ld  o f transfus ion  science. It is a ra p id  
techn ique  w h ich  y ie lds  conclusive  da ta  regard ing  the  K e ll genotype o f the 
d o n o r, e n a b lin g  c lin ic a l decissions to  be m ade w ith  a g rea t degree o f 
confidence. A  b a tte ry  o f  s im ila r assays fo r  o th e r b lood  g roup  systems cou ld  
a llow  the establishm ent o f a panel o f fu lly  typed  donors who cou ld  be called on 
in  emergencies. Therefore, m o lecu la r b io logy m ethods are being established as 






SECTION 8 G enera l discussion
8.1 A m p lif ic a t io n  a n d  c lo n in g  o f  KEL  PGR p ro d u c ts
8.1 .1  Is o la t io n  o f  to ta l RNA f ro m  b lo o d
The resu lts  discussed in  section 3 described the iso la tio n  o f to ta l RNA fro m  
samples o f whole b lood  and the a m p lifica tio n  and c lon ing  o f KEL PGR products 
fro m  a Kk donor. Several m ethods fo r  the iso la tion  o f to ta l RNA fro m  w hole 
b lood were investigated before the AGPG m ethod, described in  section 2.4.1, was 
chosen fo r  use (G hom czynski et ah, 1987). The o the r techniques w h ic h  were 
assessed inc luded tw o m ethods reported  by Wai Kan et ah and Temple et ah (Wai 
Kan et al., 1975, Temple et al., 1977). The Temple m ethod is based on the use o f a 
b u ffe r  w h ich  w i l l  lyse the  red  ce ll pop u la tio n , leaving the leukocytes in tac t.
The RNA is then  p re c ip ita te d  fro m  the  lysate a t low  pH  and p u r if ie d  using 
p h e n o l/c h lo ro fo rm . The W ai Kan m ethod again involves lysis, th is  tim e  o f the 
to ta l ce ll p o p u la tio n , and low  pH p re c ip ita tio n . The re s u lt in g  p re c ip ita te  is 
trea ted  w ith  a b u ffe r con ta in ing  Tris-HC l (pH 8.0), NaCl, SDS and NazEDTA and 
the  RNA is iso la ted  by  p h e n o l/c h lo ro fo rm  ex trac tion . Three k its  were also 
assessed fo r  th e ir  a b ility  to  y ie ld  reasonable quantities o f to ta l RNA o f a suitable 
q u a lity  fo r  use in  RT-PGR. These inc luded  the Nucleon k i t  (Scotlab), the RNAzol 
B k it  (Biogenesis) and the TRIzol k it  (Gibco BRL). A ll th ree  m ethods were based 
on the m ethod o f Ghomczynski et ah, b u t they are designed fo r  use w ith  sm all 
sample volum es. A ll o f  these m ethods p roved  less successful than  the AGPG 
m ethod in  the iso la tion  o f  m icrogram  quantités o f to ta l RNA suitab le fo r  use in  
subsequent w ork, as they a llow  the processing o f o n ly  m ic ro litre  quantities  o f 
whole b lood and thus y ie ld  on ly  sm all am ounts o f RNA, This was unsu itab le  fo r  
the in it ia l deve lopm enta l stages o f the  p ro jec t, where o p tim u m  cond itions fo r  
subsequent expe rim enta l procedures were to  be established. I t  was concluded 
tha t the AGPG m ethod was the one o f choice in  view o f the fact tha t up  to 60m l o f  
w hole b lood  cou ld  be processed at any one tim e. This a llow ed the iso la tion  o f 
m icrog ram  quantities  o f to ta l RNA w h ich  cou ld  then be stored at -70°C fo r  use 
w hen requ ired .
8 .1 .2  R everse t r a n s c r ip t io n  o f  to ta l  RNA
T o ta l RNA was used as a ta rge t in  reverse tra n s c rip tio n  and, as described in  
section 3.3, two d iffe re n t approaches were adopted. The reason fo r  th is was tha t
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fu l l  leng th  f irs t s trand  KEL cDNA cou ld  n o t be ob ta ined using M oMuLV reverse 
transcrip tase. The m ost lik e ly  exp lana tion  fo r  th is  is th a t the  KEL RNA ta rge t 
m a te ria l con ta ins  some secondary  s tru c tu re  in  its  c e n tra l re g io n  w h ic h  
p reven ts  reverse  tra n s c r ip t io n  th ro u g h  th is  a rea  w ith  M oM uLV  reverse  
tra n sc rip ta se . W hen AM V reverse tra n sc rip ta se  was used, tra n s c r ip ts  o f  
adequate leng th  were obtained. The use o f AMV reverse transcrip tase allows the 
reverse tra n s c rip tio n  reaction  to  be pe rfo rm ed at a h ighe r tem pera tu re  (4 2 %  
instead o f 3 7 %  w ith  M oM uLV  reverse tran sc rip ta se ). The use o f a h ig h e r 
te m p e ra tu re  reduces the  secondary s tru c tu re  and, in  th is  case, m ay have 
e lim ina ted the problem ,
8.1 .3  C ho ice  o f  d o n o r  f o r  in i t ia l  w o rk
The reason fo r  using a heterozygous dono r fo r  the in it ia l stages o f the p ro je c t 
was th a t the don o r was w illin g  to  donate b lood samples whenever requ ired . This 
a llowed a ll the deve lopm enta l w o rk  to  be carried  ou t on samples fro m  a single 
don o r and e lim ina ted  d iffe rences w h ich  m ay arise between donors. There are 
bo th  problem s and advantages w ith  using a heterozygous donor. The prob lem s 
arise m a in ly  as a resu lt o f c lon ing  in d iv id u a l PGR products. The target m a te ria l 
used fo r  the PGR reaction  w ou ld  have conta ined bo th  K and k  sequences and, 
when the resu lting  p roducts  were cloned, i t  w ou ld  be im possib le to  determ ine 
w h ich  o f the K o r k  sequences was present in  each in d iv id u a l clone. In  o rde r to  
d is tin g u is h  be tw een the  tw o, m any  d if fe re n t clones w o u ld  have to  be 
c o m p le te ly  sequenced to  d is t in g u is h  tru e  sequence d iffe re n c e s  f ro m  
d iffe rences w h ich  had arisen as a re su lt o f  Taq DNA po lym erase in f id e l ity  
(section 8.4.1). This was the m ain  reason fo r  the choice o f d ire c t sequencing o f 
PGR p roducts  la te r in  the p ro jec t. This technique reduces these problem s, as a 
popu la tion  o f PGR products is sequenced at any one time.
An advantage o f  using a heterozygous don o r fo r  the  in it ia l w o rk  is tha t, in  
h y b r id iz a tio n  studies fo r  e ith e r in situ w o rk  o r p ro b in g  o f  Southern b lots, 
m a te ria l fro m  d iffe re n t clones cou ld  be used as probes. This w o u ld  have been 
im p o r ta n t i f  the  K /k  p o ly m o rp h is m  arose as a re s u lt o f  m a jo r sequence 
d iffe rences . U n d e r such c ircum stances , the  K sequence p robe  m ay n o t 
h yb rid ize  to  a k  sequence target, and vice versa. Using clones de rived  fro m  a 
heterozygous in d iv id u a l increases the chances o f h y b r id iz a t io n  o f at least a 
p ro p o rtio n  o f probes to  the target sequence.
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The use o f a heterozygous donor fo r  the in it ia l w o rk  has n o t posed any prob lem s 
w ith  respect to the progress o f th is p ro jec t and i t  has p roved  useful w ith  respect 
to  ob ta in ing  regu la r samples,
8 .1 .4  G e n e ra l p o in ts
The c loned m a te ria l a llow ed the  w o rk  described in  sections 4 and 5 to  be 
p e rfo rm e d  and  i t  also a llow ed  RT-PCR co n d itio n s  to  be estab lished. Th is 
fa c ilita te d  experim ents described in  sections 6 and 7. I t  is clear th a t the w o rk  
described in  section 3 was fundam enta l to  the progression o f  th is pro ject.
8.2 KEL  gene lo c a lis a t io n  b y  in  situ  h y b r id iz a t io n
The results ob ta ined fro m  the in situ h yb rid iza tio n  experim ents were based on 
the h yb rid iza tio n  o f the 3 ' h a lf o f the iCELcDNAto the gene locus. The cloned 5' 
h a lf  was also used as a probe, bu t the signals obta ined were extrem ely weak and 
no d e f in it iv e  in fo rm a tio n  c o u ld  be estab lished as a re s u lt. The evidence 
obtained fro m  use o f the 3 ' h a lf  p robe was su ffic ie n tly  strong to  a llow  de fin ite  
m apping o f the genetic locus on chromosome 7.
The in fo rm a tio n  w h ic h  arose fro m  th is  p a r t  o f  the  p ro je c t gave c le a r 
assignm ent o f  the  KEL locus to  chrom osom e 7q33-q35. This re fined  p revious 
assignm ents and the  resu lts  w ere re in fo rc e d  by  a re p o r t  s im u lta n e o u s ly  
pub lish e d  (Lee e t ai., 1993). The same basic techniques were used fo r  b o th  
investiga tions, b u t th is p ro je c t in vo lved  the use o f in ta c t hum an chromosomes 
to  d e te rm in e  the  s ite  o f  p ro b e  h y b r id iz a t io n  and  c o n f irm a tio n  o f the  
assignm ent was b y  PGR on som atic  ce ll h y b r id  DNA. Lee et ai. used a 
rad io labe lled  KEL-specific probe to  hyb rid ize  to somatic cell DNA panels (Lee et 
ai., 1993). The fact tha t the tw o independent sets o f m apping w o rk  gave the same 
resu lt is a good illu s tra tio n  o f the use o f d iffe re n t routes to  a rrive  at the same 
f in a l conclusion.
This section o f w o rk  p rov ided  conclusive results on the loca tion  o f the KEL gene 
on chrom osom e 7. These co rre la ted  w e ll w ith  p re v io u s ly  p ub lished  w o rk  by  
o th e r groups (Ze linsk i e t ai., 1991 a, P u roh it e t ai., 1992) and w ith  the data 
pub lished  by Lee e t ai. (Lee e t ai. 1993), KEL is n o t the o n ly  b lood  g roup gene 
w h ich  has been assigned to  chrom osom e 7. O thers know n to  be present on 
chromosome 7 inc lude  Golton and C artw righ t (Tsui et ai., 1991).
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8.3 The basis o f the Kq phenotype
The results ob ta ined fro m  the  Southern b lo ts have a lready been discussed in  
de ta il at the end o f section 5. As reported , these results d id  n o t p e rm it pos itive  
conclusions rega rd ing  the  basis o f  the  Kq phenotype . The o n ly  conc lus ion  
w h ich  cou ld  be draw n was th a t th is  p a rtic u la r example o f Kq does no t appear to 
arise as a resu lt o f  a m a jo r gene de le tion o r a complete absence o f the gene. This 
has been re p o rte d  by  tw o groups o f w orkers where RFLP analysis and DNA 
sequencing, respective ly, showed no d iffe rences between Kq and no rm a l Kell 
phenotype in d iv id u a ls  (Lutz e t ai., 1992, Lee e t ai., 1995 a). Sequencing o f the 
cDNA fro m  several Kq in d iv id u a ls  is the m ost a pp ro p ria te  w ay o f de te rm in ing  
the differences between the Ko and norm al KEL genes, and th is  has shown tha t 
no differences are present in  the coding sequences o f  two Kq in d iv idua ls  (Lee et 
ai., 1995 a). This leaves at least three possible explanations fo r  the lack o f Kell 
an tigens in  these in d iv id u a ls . The f i r s t  is th a t e rro rs  in , o r  fa ilu re  of, 
tra n s c rip tio n  do n o t a llow  the deve lopm ent o f a no rm a l antigen ic Kell p ro te in  
on the red  ce ll m embrane. This th e o ry  cou ld  be investiga ted  by  ana lysing Ko 
mRNA. I f  th is  was shown to be d iffe re n t fro m  mRNA fro m  n o rm a l phenotype 
ind iv idua ls , then a tra n sc rip tio n  e rro r  is a possible explanation. However, i t  has 
re c e n tly  been re p o r te d  th a t tw o  Kq in d iv id u a ls  c o n ta in  KEL m RNA in  
pe riphe ra l b lood and th a t the sequence o f th is is id en tica l to  the mRNA coding 
sequence ob ta ined fro m  in d iv id u a ls  w ith  no rm a l Kell phenotypes, d iscoun ting  
th is  exp lana tion  (Lee et al., 1995 a). A second explanation is tha t a separate gene 
has a pos t-transc rip tiona l effect on the deve lopm ent o f the Kell p ro te in  and its 
in s e rtio n  in to  the red  ce ll m em brane. This w ou ld  be s im ila r to  the repressor 
type  o f Rh n u ll (section 1.5), w here a doub le  dose o f  a rep resso r gene is 
in h e rite d , p re v e n tin g  the  expression o f Rhesus antigens. A  th ir d  possib le 
e x p la n a tio n  is th a t the  expression o f a ll K e ll an tigens is dependen t on 
glycosyla tion. I t  w ou ld  then fo llow  tha t the Kq phenotype cou ld  arise as a resu lt 
o f a fa u lt  in  g lycosy l transferase enzymes, w h ich  w o u ld  re s u lt in  a lack  o f 
g ly c o s y la tio n  o f the  K e ll p ro te in  and, hence, la ck  o f express ion  o f  Ke ll 
antigens. Two groups o f w orkers have re p o rte d  th a t Ke ll and Cellano antigen 
expression is no t dependent on g lycosy la tion , b u t th is  w ill be discussed fu r th e r  
in  section 8.4.3 (Marsh et al., 1990, M urphy  et a l, 1993).
Due to  the con flic ting  results w h ich  arose from  Southern b lo tt in g  studies, i t  was 
decided tha t, in  the in te res t o f  the  progression o f the p ro je c t, th is  shou ld  be
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abandoned in  fa v o u r o f the DNA sequencing experim ents. These experim ents 
y ie lded  im p o rta n t in fo rm a tio n  regard ing the basis o f  the K /k  po lym orph ism .
8 .4  A u to m a te d  sequ enc ing  o f  KEL  cDNAs
8.4.1 P rob lem s caused b y  Taq  DN A p o lym e ra se  in f id e l i t y  in  p o in t  
m u ta t io n  a n a ly s is
Taq DNA polymerase in f id e lity  is an im p o rta n t fac to r w h ich  m ust be taken in to  
account w hen sequencing PGR p roducts , e ith e r d ire c tly  o r  a fte r c lon ing. The 
reason fo r  th is  is th a t Taq DNA polym erase does no t exh ib it the p roo f-read ing  
3 '->5 ’ exonuclease a c tiv ity  present in  o ther DNA polymerase enzymes, such as 
E. coli DNA polym erase I and T4 DNA polym erase (T in d a ll et a l, 1988). These 
workers reported  tha t Taq DNA polymerase inserts a single w rong nuc leo tide  at 
a ra te  o f  1 fo r  each 9000 nucleotides polym erised in  a PGR reaction. Saiki et a l 
re p o rt w o rk  in  w h ich  they  observed a cum u la tive  e r ro r  fre q u e n cy  o f about 
0.25% a fte r 30 cycles o f PGR (Saiki et a l, 1988). I t  fo llow s tha t, when a m p lify in g  
tw o a pp ro x im a te ly  equal sized cDNA KEL fragm ents o f a round  1200bp, th e n  
three m is inco rpo ra tions  m ig h t be expected to  arise in  each fragm ent. This has 
im p o rta n t im p lica tio n s  w hen sequence d ifferences between in d iv id u a ls  are to  
be established. As a lready m en tioned  in  section 6, sequencing o f  in d iv id u a lly  
c lo n e d  PGR p ro d u c ts  w o u ld  n o t a llo w  d e te rm in a tio n  o f  t ru e  sequence 
d iffe rences fro m  Taq DNA polym erase m is incorpora tions. D irec t sequencing o f 
PGR products should e lim inate, o r  at least substantia lly  reduce th is  problem , as a 
popu la tion  o f PGR products is sequenced at any one tim e. M any copies o f target 
m ate ria l are present in  the f irs t  round  o f a PGR and th is  means tha t, even i f  the 
m is in co rpo ra tion  has occurred  in  the f irs t  PGR cycle, then  i t  w ill arise in  a t in y  
p ro p o rtio n  o f the p roduc t popu la tion . As a resu lt, the p o ss ib ility  o f the "w rong" 
n u c le o tid e  be in g  assigned as th e  tru e  sequence w i l l  be re d u ce d  on 
in te rp re ta t io n  o f the  resu lts  o f  d ire c t sequencing . T h is  is p a r t ic u la r ly  
im p o rta n t when nove l sequence de te rm ina tion  is being undertaken . It is lik e ly  
that, when m is inco rpo ra tion  does occur, th a t i t  w ill occur a t d iffe re n t positions 
in  each PGR reaction . There fo re , com parison o f the sequencing resu lts  fro m  
m ore than  one PGR reaction derived fro m  any one in d iv id u a l shou ld  enable the 
de te rm in a tio n  o f any m is in co rp o ra tio n  sites. This is the m a jo r fa c to r fo r  the  
decision to  choose d ire c t sequencing o f PGR p roducts  fo r  the inves tiga tion  o f 
the genetic basis fo r  the K /k  po lym orph ism  in  th is p ro ject.
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8.4 .2  A ssessm ent o f  te c h n iq u e s  fo r  m is m a tc h  a n a ly s is
In  o rd e r  to  es tab lish  a su itab le  p ro to c o l fo r  id e n t if ic a t io n  o f sequence 
d iffe rences between PGR p rodu c ts  de rived  fro m  d iffe re n t in d iv id u a ls , several 
techniques were assessed. These have been discussed in  some de ta il in  section 
6.4. This took  a substantia l am oun t o f tim e, as techn iques were repeated and 
adapted several times in  o rde r to  try  to  im prove  the results obta ined. In view o f 
the  fa c t th a t m ost o f  these m ethods gave v e ry  p o o r  resu lts , a lte rn a tiv e  
techn iques w h ich  cou ld  reduce  the  am oun t o f  sequencing re q u ire d  w ere 
investigated. These inc luded  single strand con fo rm a tion  po lym orph ism  ana lys is 
(SSCP) (K ovar e t a l,  1991, Hayashi, 1992, Fan et a l, 1993, Hongyo et a l, 1993, 
Sekiya, 1993), dena tu ring  g ra d ie n t gel e lectrophores is  (C a rie llo  e t a l, 1993, 
G anguly et a l, 1993) and the chem ical cleavage o f m ismatches (GCM) techn ique 
(R oberts e t a l,  1989, D r S. B id ichandan i-P e rsona l G o m m un ica tion ). A fte r  
d iscussion w ith  w orkers at the D uncan G uth rie  In s titu te  o f M ed ica l Genetics 
(Y o rkh ill, Glasgow), where these techniques are used ro u tin e ly , i t  was decided 
th a t the m ost a p p ro p ria te  m e thod  fo r  the purpose o f de te rm in in g  sequence 
d iffe rences  betw een the  cDNAs encod ing  K e ll and G ellano antigens was 
chem ica l cleavage o f m ismatches. This w o u ld  p in p o in t the  reg ion  in  w h ich  a 
m ism atch has occurred between the K and k  sequences. The o the r two methods 
were discounted as they m ay detect on ly  50% o f m ismatches and th is  could lead 
to con flic ting  results between samples. Use o f the GGM techn ique  shou ld  reduce 
the am ount o f  sequencing requ ire d  to  de term ine the K /k  po lym o rp h ism , as i t  
allows the de te rm ina tion  o f the po in ts  at w h ich  there are differences between a 
reference and a ta rge t sequence. Once the pos itions o f the  d iffe rences have 
been established, a reg ion o f on ly  100-200 nucleotides a round  th is  p o in t can be 
sequenced to define the nuc leo tide  substitu tion . This m ethod uses some o f the 
chem ica l cleavage reagents em p lo yed  in  M axam  and G ilb e rt sequencing 
(Maxam et a l, 1977). A  reference cDNA, kk  in  th is  case, was 5' end radio labelled. 
Therea fte r, the  double  stranded reference m olecule was a lka li-d ena tu red  and 
m ixed w ith  a s im ila r ly  denatured, un labe lled  test m olecule. The strands were 
a llow ed to  rena tu re , generating hom odup lex  m olecules o f re fe rence and test 
samples, and a p ro p o rt io n  o f he te rodup lex  molecules consisting o f one labelled 
re fe rence  s trand  and one test strand. The resu ltin g  m ism atched nucleotides 
were then  chem ica lly  m o d ifie d  using p ip e rid in e  and the  m o d ifie d  sites were 
c leaved us ing  osm ium  te tro x id e . The sam ple was e le c tro p h o re se d  on a 
d e n a tu rin g  p o lya c ry la m id e  gel a long w ith  size m arkers. W ith  know ledge o f 
w h ich  end o f the reference sequence had been labelled, and by com parison o f
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the band size w ith  the size m arkers, the region conta in ing  the m ism atch can be 
defined. The a pp ro p ria te  reg ion  can be sequenced using a sequence spec ific  
o ligonucleo tide  p rim er. This is a p a rtic u la r ly  unpleasant m ethod w ith  respect to 
Health and Safety procedures, as use o f m ost o f the chemicals requires extreme 
care. This m ethod was a ttem pted on several occasions, b u t the  resu lts  ob ta ined 
gave e ithe r no bands on the au to rad iograph  o r a ladder o f bands w h ich should, 
in  p r in c ip le , never arise. O nly a single band shou ld  be detected pe r track, as 
scission o f the he terodup lex should release one rad io labe lled  and one un labe lled  
fra g m e n t. T h is  te ch n iq u e  was abandoned in  fa v o u r  o f  d ire c t au tom ated  
sequencing o f PGR products  derived  fro m  ind iv idua ls  o f  know n K /k  phenotype.
8 .4 .3  Im p lic a t io n s  o f  a u to m a te d  se q u e n c in g  re s u lts
The resu lts  described  in  sec tion  6 p ro v id e  evidence th a t a s ing le  C->T 
s u b s titu tio n  at nuc leo tide  p o s itio n  701 is responsib le  fo r  the  d iffe re n ce  in  
expression o f the k  and K antigens. This w o rk  was in  progress when the re p o rt 
o f  Lee et al. was pub lished (Lee et a l, 1995 a). The resu lts  o f  th is  p ro je c t have 
g iven  in d e p e n d e n t c o n f irm a tio n  o f  the  p o ly m o rp h is m . The in tro n -e x o n  
boundaries and exon sizes w ith in  the KEL gene have also been pub lished  and 
th is  has shown tha t nuc leo tide  701 is present in  exon 6 o f the  19 exons w h ich  
constitu te  the KEL gene (Lee et a l,  1995 b). This single nuc leo tid e  su b s titu tio n  
encodes a th reon ine  to  m eth ion ine  change, w h ich is lik e ly  to  p reven t 
N -g lycosyla tion o f the asparagine residue at a consensus N -g lycosyla tion m o tif  
(Asn X Thr->M et) and creates a Bsm I res tr ic tio n  enzyme site in  the K sequence. 
Lee et a l  re p o r t  th a t th is  change in  g lyco sy la tio n  reduces the  a pp a ren t 
m o lecu la r mass o f the Kell p ro te in  fro m  93 kDa to  a round  90.5 kDa and, as a 
resu lt, suggest th a t the change in  g lycosy la tion  o f the  p ro te in , resu lting  fro m  
the  presence o f  the  cDNA sequence encod ing  th e  K e ll an tigen , m ay be 
respons ib le  fo r  the  d iffe re n c e  in  an tigen  expression (Lee e t a l,  1995 a). 
However, w o rk  presented in  th is  thesis and data pub lished by  M arsh et a l  p o in t 
s tro n g ly  to  a po lype p tid e -re la te d  basis fo r  d ifferences in  an tig en  expression 
(M arsh et al., 1990, M urphy  et al., 1993). This has been discussed in  section 8.3 .
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8.5 PCR-based d ia g n o s tic  assay
8.5 .1  Reasons fo r  th e  d e v e lo p m e n t o f  a PCR-based d ia g n o s tic  a ssa y
The developm ent o f a PCR-based diagnostic assay was an im p o rta n t aspect o f  the 
p ro je c t in  re la t io n  to  p a tie n t care. The assay d e ve lop m en t p ro ve d  to  be 
s tra igh tfo rw a rd  and has p rov ided  a m ethod w h ich w ill p rove  usefu l in  a v a r ie ty  
o f  s itu a tio n s , in c lu d in g  an te n a ta l KEL ge n o typ in g  and C e llano ty p in g  in  
s itua tions  where reagents m ay be expensive. This assay can also be used to  
co n firm  donor samples w h ich  type  as KK by tra d it io n a l serologica l techniques, 
in  o rde r to  establish a panel o f  KK donors w h ich can be ca lled upon  to  donate in  
s ituations where substantia l volum es o f KK b lood  are re q u ire d  a t short notice. 
The assay is ra p id , easy to  a p p ly  and  y ie lds  resu lts  w h ic h  can be re a d ily  
in te rp re te d . I t  also has in b u i l t  c o n tro ls  w h ic h  s h o u ld  h e lp  p in p o in t  any 
problem s, should they arise.
8 .5 .2  P rob lem s assoc ia ted  w ith  th e  use o f  a PCR-based d ia g n o s tic  
a ss a y
Possible prob lem s w ith  th is  techn ique m ay arise when in d iv id u a ls  expressing 
the Ko o r Km od phenotypes are investigated. N e ither o f these phenotypes have 
been assessed in  the  course o f  the  deve lopm en t o f th is  assay, b u t resu lts  
reported  by  Lee et al. show th a t the  coding sequence o f the KEL gene in  the Kq 
in d iv id u a ls  s tu d ie d  had  com p le te  h o m o logy  w ith  th a t  o f  kk  p h e n o ty p e  
in d iv idua ls  (Lee et a l,  1995 a). I t  fo llows, therefore , th a t these ra re  in d iv idua ls  
w ou ld  type as k k  by  th is  assay. This w ou ld  no t be im p o rta n t fo r  a re c ip ie n t o f 
th is  u n it  o f b lood, b u t cou ld  have serious im p lica tio ns  fo r  the  Kq person who 
was typed  in  th is  m anner and was subsequently transfused w ith  kk  b lood.
8.6 M a jo r  p ro b le m s  e n c o u n te re d  in  th e  cou rse  o f  th e  p ro je c t
In  the la tte r stages o f the p ro jec t the use o f the AGPG m ethod fo r  the iso la tion  o f 
to ta l RNA became p rob lem atic  due to  apparen t RNase con tam in a tion . N orm al 
A260 values were obtained, b u t gel analysis o f the RNA showed a b r ig h t pa tch  
near the bo ttom  o f the gel, w ith  no detectable RNA smear o r  r ibosom a l RNA 
bands. The source o f  the  c o n ta m in a tio n  cou ld  n o t be de te rm in e d  desp ite  
attem pts to  prepare RNA in  three d iffe re n t labo ra to ries  using fre sh ly  p repa red  
reagents and DEFC tre a te d /h e a t trea ted  equ ipm ent. Use o f the  o th e r m ethods
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described in  section 8.1.1 fa iled  to  solve the prob lem , b u t su ffic ien t undegraded 
to ta l RNA was isolated from  the contam inated samples to  a llow  com ple tion  o f the 
p ro jec t.
The second p rob lem  resu lted  fro m  the purchase o f a Perkin E lmer 9600 DNA 
Therm al Cycler. This cyc le r was purchased as i t  was the o n ly  m odel w h ich had 
been licensed fo r  d iagnostic purposes. Several m onths were spent a ttem pting  to 
optim ise the cond itions fo r  use o f th is  piece o f equ ipm ent. Every aspect o f the 
PCR reaction  was varied , b u t the largest fragm ent w h ich  cou ld  be am p lified  was 
approx im ate ly  800bp. This was a t least 300bp sm aller than  e ithe r o f  the KEL- 
re la ted products w h ich cou ld  be am p lified  ro u tin e ly  using a basic m odel Perkin 
E lm er DNA T he rm a l Cycler. Th is p ro b le m  cou ld  n o t be so lved by  p ro d u c t 
specialists and, as a resu lt, the rem a inder o f  the PCR reactions fo r  th is  p ro je c t 
were p e rfo rm ed  on the basic Perkin E lmer m ode l used successfully in  ea rlie r 
w o rk .
The th ir d  m a jo r  p ro b le m  e nco un te red  in v o lv e d  the  use o f the  A p p lie d  
Biosystems autom ated sequencer in  the  D epartm en t o f  B ioche m is try  at the 
U n ive rs ity  o f  Glasgow. A  sensitiv ity  p rob lem  appeared to be the  cause o f fa ilu re  
to  obta in  good q ua lity  data fro m  th is  sequencer. D uplica te  samples sequenced at 
IBGRL in  B risto l gave good sequence data, bu t the Glasgow-based m achine fa ile d  
to  y ie ld  a n y  sequence in fo rm a t io n  due to  p o o r  m a in te n a n ce  and  a 
m a lfunc tio n ing  laser. The cycle sequencing k it, the the rm a l cyc le r used fo r  the 
sequencing reactions and the  gel constituen ts were each va rie d  on d iffe re n t 
occasions. However, no sequence data cou ld  be obta ined. A p ro p o rt io n  o f  the 
cycle sequencing k it  used in  Glasgow was also used in  B risto l and good data was 
obtained. It was concluded th a t the p rob lem  w ith  the Glasgow-based m achine 
was one o f  d e tec tion  se n s itiv ity . The reason fo r  th is  was th a t the  s igna l 
strengths fo r  each o f the fo u r  peaks were ve ry  low. Poor s igna l in te n s ity  was 
also in d ica ted  by  the fac t th a t the gel image w h ich  cou ld  be v isua lised on a 
com pu te r screen was dark . The k it  c o n tro l sam ple gave sh o rt stretches o f 
sequence in  each case (200-250  nucleotides). The sequence ob ta ined fo r  the 
con tro l was correct, b u t the leng th  o f the sequence ob ta ined  was m uch shorte r 
than  expected (by app rox im a te ly  400 nuc leo tides). D irec t sequencing o f PCR 
products by  th is  m ethod uses o n ly  sm all am ounts o f specific target and should, 
the re fo re , give good data, as there  is no o the r ta rge t sequence present fo r  
possible m isp rim ing  to occur. The fac t th a t the results obta ined in  Glasgow were 
so p o o r is a s trong in d ic a tio n  to  a m echanica l fa u lt in  the m achine. The low
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peak in te n s ity  suggests th a t the s ignal detected by  the laser is too  weak and 
that, as a result, the in fo rm a tio n  transfe rred  to  the com puter is poor.
8.7  M a jo r  f in d in g s  a r is in g  f ro m  th is  p ro je c t
The results ob ta ined fro m  th is  p ro je c t have illu s tra te d  how m o lecu la r b io logy 
techniques can be used to  investigate the genetic basis o f  a b lood  group system. 
The p ro je c t has a llow ed re fin e m e n t o f  the  lo c a tio n  o f  the  KBL gene on 
chrom osom e 7, i t  has in d e p e n d e n tly  c o n firm e d  the  gene tic  basis fo r  the  
d iffe rence between K and k  antigens on the red  ce ll surface and i t  has a llowed 
the deve lopm ent o f a PCR-based diagnostic assay fo r  K /k  geno typ ing . A n o th e r 
aspect o f  the Kell b lood  group system w h ich  was inves tiga ted  was the  genetic 
basis fo r  the Kq phenotype. A lthough  the results ob ta ined fro m  th is  section o f 
the  w o rk  p ro ve d  d if f ic u lt  to  in te rp re t,  they  in d ic a te d  th a t the  p a r t ic u la r  
example o f Kq under investiga tion  ca rried  a KEL gene w h ich  was a t least s im ila r  
to  KEL genes fro m  n o rm a l phenotype  in d iv idua ls . This is in  agreem ent w ith  
w o rk  pub lished by two o ther groups, as discussed in  section 8.5.
8.8 F u tu re  w o rk
The w o rk  ca rried  o u t in  the course o f th is  p ro jec t has p rov id ed  a good basis fo r  
the  c o n tin u a tio n  o f  the  in v e s tig a tio n  o f the  K e ll b lo o d  g ro u p  system. I t  
constitu tes the in it ia l step w h ich  m ay lead to the de te rm ina tio n  o f the  genetic 
basis fo r  the expression o f o th e r antigens w ith in  the  Kell b lood  g roup  system, 
p a r t ic u la r ly  the  Js^/Js^ and the K p ^/K p b  a lle lic  sets. The ro le  o f g lycosyla tion  
w ith  respect to  antigen expression, a lthough  repo rted  to  be independent o f the 
expression o f the K and k  antigens (M arsh et ai., 1990, M u rp hy  et ai., 1993), is 
s t il l to  be conc lus ive ly  established. A recent re p o rt gives evidence th a t the 
apparent mass o f the Kell p ro te in  m ay be reduced in  KK in d iv id u a ls , suggesting 
th a t g lyco sy la tio n  m ay be p a r t ly  respons ib le  fo r  the  d iffe re n ce s  in  K /k  
a n tig e n ic ity  (Lee et ai., 1995 b ). The genetic basis fo r  th e  Kq and Km od 
phenotypes m ust be de te rm ined  and, in  v iew  o f the  fa c t th a t Kq in d iv id u a ls  
appear to  be no d iffe re n t fro m  no rm a l Ke ll phenotype in d iv id u a ls  w ith  respect 
to  coding DNA sequence (Lee et ai., 1995 a), there m ay be o the r genes invo lved  
w h ich  a ffec t the  expression o f K e ll b lood  g roup antigens in  these in d iv id u a ls . 
This is the  case w ith  repressor type Rh n u ll in  the Rhesus b lood  group system 
(section 1.5).
1 4 1
The use o f the d iagnostic  assay described in  th is  p ro je c t m ust be investigated 
w ith  respect to am n io tic  cell samples and chorion ic  v illu s  samples. The use o f 
such samples has been re p o rte d  fo r  the PCR-based d e te rm in a tio n  o f Rhesus 
phenotype (Fisk et al., 1994). Its v a lid ity  w ith  respect to  ra re  phenotype samples 
such as Ko m ust be de term ined before th is technique can be used rou tine ly .
In  an a ttem pt to  produce a suitable im m unogen fo r  the p ro d u c tio n  o f antibodies 
against Ke ll system antigens, the p ro te in  cou ld  be expressed. The expression o f 
the Rh 32 kDa po lypep tide  has a lready been described (Suyama et a l, 1993). In 
th is case, the  cDNA encoding the po lypep tide  was inserted  in to  a pGEM vecto r 
(Stratagene Inc.) and tra n s c rip tio n /tra n s la tio n  was pe rfo rm ed  in  a re ticu lo cy te  
lysa te  system. T ra n s ie n t expression o f the p o ly p e p tid e  in  COS-1 (Chinese 
Hamster O vary Cells) was also reported  by this group. The type o f system chosen 
fo r  expression o f the Kell p ro te in  m ust be one w h ich w ill a llow  g lycosy la tion  to 
take place. This excludes systems such as Xenopus oocytes, where there  is no 
g lycosy la tion  o f the transla ted p ro te in . The expression o f the Kell p ro te in  w ould 
be o f  great benefit, as some o f the Ke ll system re la ted  a llo im m une  po lyc lo na l 
an tibod ies  are d if f ic u lt  to  o b ta in  in  subs tan tia l q u a n tity  by  v ir tu e  o f  the  
incidence o f antigen expression. One re p o rt o f expression o f the  Kell p ro te in  in  
COS-1 cells was recen tly  reported , in d ica tin g  th a t s ig n ifica n t progress cou ld  be 
made w ith  th is  lin e  o f in ves tiga tio n  (Russo et al., 1994). There is, there fo re , 
s u ff ic ie n t scope fo r  the  c o n tin u a tio n  o f th is  p ro je c t, as a g rea t dea l o f  
in fo rm a tio n  is ye t to  be uncovered.
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Abstract. The gene encoding the Kell blood group poly­
peptide has been localized to chromosome 7q33-35 by in 
situ hybridization using a biotinylated 1.1 -kb DNA frag­
ment containing the 3" half of the human cDNA. This as­
signment is in accord with genetic localization using anti­
genic variation as a marker, and strongly suggests that 
Kell antigenic determinants are part of the polypeptide 
chain rather than the associated sugar molecules.
Introduction
visional assignment of KEL to clu'omosome 7, probably in 
the region 7q32-q36 (Zelinsld et al. 1991a, b). In order 
to determine genetically whether the Kell blood group 
polypeptide itself is the source of the antigenic variation, 
we have produced a probe, corresponding to the 3" half of 
the Kell cDNA, and used it to map the Kell blood group 
polypeptide locus to chromosome 7q33-35 by in situ hy­
bridization. The co-localization of the antigenic determi­
nant and polypeptide loci strongly supports the suggestion 
that Kell antigenic determinants are part of the polypep­
tide chain rather than the associated sugar molecules.
1
a
The Kell blood group protein is a 93-kDa membrane gly­
coprotein found in human erythrocytes (Redman et al. 
1986). Antigens associated with this protein are particu­
larly immunogenic: antibodies to Kell system antigens 
have been implicated in several cases of haemolytic dis­
ease of the newborn and can cause severe transfusion re­
actions if incompatible red cells are introduced (Marsh 
and Redman 1990). The antigenic complexity displayed 
by the Kell blood group system is thought to be due to 
variation in the polypeptide chain as opposed to differ­
ences in glycosylation of the protein (Marsh and Redman 
1990), although this has not been well defined.
The complementary DNA (cDNA) encoding the Kell 
blood group polypeptide has been cloned and its sequence 
shows homology to a family of zinc metalloglycoproteins 
with neutral endopeptidase activity (Lee et al. 1991). Us­
ing antigenic variation as a marker, genetic analysis has 
shown that the Kell blood group system is tightly linked 
to the prolactin-inducible protein (PIP) locus giving a pro-
Correspondence to: E. Boyd
Materials and methods
Human-rodent somatic cell, hybrids
The human chromosome contenl of the somatic cell hybrids used 
in this study is shown in Table 1.
Chromosome mapping
using the polymerase chain reaction (PCR)
Comparison of the Kell cDNA sequence with the gene structure of 
CALLA neutral endopeptidase (D’Adarnio et al. 1989) suggested 
that positions 1214-1284 are within an exon. Two oligonucleotide 
primers P49, CCGTCGACACATGATCTTAGGGCTGGTGGTG 
(hybridizing to positions 1214-1233) and P54, CCGGATCCCT- 
TTCTGCGTGCCTCCTGGAATT (positions 1284-1262) ampli­
fied the same 87-bp DNA fragment in a PCR (Saiki et al. 1988) us­
ing cloned Kell cDNA (see below) and human genomic DNA, but 
not rodent genomic DNA, as targets (Fig. 1). DNA (0.5-2.5 pg) 
from the series of human-rodent somatic cell hybrids was ampli­
fied in 100 pi mixtures containing 1 pg of each primer, 0.2 mM  
each dNTP, 2.5 U Taq DNA polymerase and reaction buffer sup­




at 94°C followed by 30 cycles o f 94°C  for I min. 65 °C fo r I min, 
and 72°C for I min 30 s.
Chromosome preparation
Using standard cytogenetic methods, metaphase chromosome 
spreads were obtained from two human males o f  nonnal karyo­
type, Chromosome spreads in marked slide areas were banded, 
photographed and destained prior to hybrid ization as previously 
described (Garson et al. 1987; Boyd et al. 1989).
DNA probe
The PCR was used to generate a Kell D N A  probe from  reverse- 
transcribed m RN A derived from whole bkx)d. The 1.1-kb D N A 
fragment, corresponding to positions 1214-2354 in the cD N A  
( l  ee et al. 1991). was cloned into pTZ18U and its identity con­
firmed by sequencing.
10 11 12 13 14 1516  17 18
In situ hybridization
The probe was labelled by nick translation w ith b io tin -11-dUTP 
(Sigma) and used at a concentration o f 10-30 ng /p l fo r fluores­
cence in situ hybrid ization according to the procedure described by 
Pinkel et al. (1986). M odifications detailed by Carter et al. (1992) 
were employed but the prehybridization step was om itted fo r this 
single-copy sequence probe. Hybridization was detected by incu­
bation w ith  avidin-fluorescein isothiocyanate (avid in-FITC , Vec­
tor Laboratories) and the signal am plified tw ice by two further 
incubations w ith  biotinylated anti-avid in (Vector Laboratories) 
fo llowed by avidin-FITC. Chromosomes were counterstained by 
mounting the slides in antifade A F l (C itifluo r) containing 0.8 
pg /m l 4,6-diam idino-2-phenylindole (D A P I) and 0.4 pg /m l pro- 
pidium  iodide and examined using a Zeiss Axioplan fluorescence 
microscope. F ITC and propidium  iodide were excited at 490 nm 
(Zeiss filte r combination 9). Hybridization signals appear as yellow - 
green spots against the red propidium  iodide counterstain. Previ­
ously photographed, DAPI-stained cells were relocated using Zeiss 
filte r combination 1. Signals visualized on the post-hybridization 
metaphases using f ilte r set 9 were marked on the photographs o f 
pre-hybrid ization, banded metaphases. The d is tribu tion  o f  hy­
bridization in chromosome spreads was analysed statistically using 
the %- test.
Results and discussion
Fig. I. Polyacrylamide gel analysis o f the 87-bp product am plified 
by the polmerase chain reaction (PCR) from  human-rodent so­
matic cell hybrids containing the human Kell sequence. Target 
D N A  samples were from (1) cloned Kell cD N A , (2) mouse, (3) 
rat, (4) hamster, (5) human, (6) AM IR2V1I1, (7) C T P 4I2E 3, (8) 
DUR4.3, (9) FGIO, (10) 3W 4C15, (11) M O G2, (12) Horp27- 
RC114, (13) S IF4A31, (14) F4SC13C112, (15) T W IN  19/D 12, 
(16) F IR5R3, (17) F1R5, ( 18) C L O N E 2 1E
Only those D N A  samples from somatic cell hybrids con­
taining intact chromosome 7 generated the 87-bp Kell 
D N A  fragment in the PCR indicating that the gene encod­
ing the Kell blood group polypeptide {KEL) is located 
on chromosome 7 (Fig. 1, Table 1 ). The somatic cell hy­
brid FIR5 contains an X /7  translocation (X ;7 )  X q ter- 
ql3 :7p ter-q22  (Hobart et al. 1981) and the 87-bp human
Table I. Segregation o f KEL  in relation to human chromosomal 
content in 13 human-rtxlent somatic cell hybrids. +, human chro­
mosome present; - ,  human chromosome not detected; tr, presence 
o f chromosome at levels <10% ; nt, not tested. Numbers corre­
spond to the fo llow ing references; ( 1 ) Jones et al. ( 1976), (2) Nab-
holz et al. (1969), (3) Povey et al. (1980), (4) Van Heyningen et al.
(1975), (5) Croce and Koprowski (1974), (6) Solomon et al.
(1976), (7) K ie lty  et al. (1982), (8) Edwards et al. (1985), (9) Heis- 






1 2 3 4 5 6 7 8 9 10 1 1 12 13 14 15 16 17 18 19 20 21 22 X
AM1R2V111 + + + 4- 4- tr tr tr tr - 4- 4- - - 4- 4- - 4- 4- 4- 4- 4- 4- a
CTP41E3 1 + - + tr - - 4- 4- - - - - - - 4- - - - - - - - - 4-
3W 4C I5 2 + - + - - - - 4- - - 4- 4- 4- - 4- 4- - 4- - - - 4- - 4-
MCX32 3 + -t- - 4- 4- 4- 4- 4- nt 4- nt 4- 4- nt 4- 4- 4- 4- 4- 4- - 4- - 4-
Horp27RC14 4 + - 4- - 4- - - 4- - - - 4- 4- - 4- 4- - - - - - 4- 4- -
CLONE21E 5 + 4-
DUR4.3 6 - - - 4- - 4- - - - - 4- 4- 4- 4- 4- b - 4- 4- - 4- 4- - b
EG 10 7 - - 4- - - 4- - - 4- - 4- - - - - 4- - - 4- - - 4- - 4-
S1F4A31 8 - - - 4- 4- - 4- - - - - - - - 4- - - 4- - - - - - 4-
F4.Sc 13C112 9 - 4-
TW 1N19/D12 10 - + - 4- - - 4- - 4- - - - 4- - 4- - 4- 4- 4- - 4- 4- 4- -
I IR5R3 1 1 - - - - - - - - - - - - - - 4- - - - tr - - - - -
FIR 5 1 1 - - - - - - - (1 - - - - - - 4- - - - tr - - - - 4-
K ell/in tact chromo­ 4— 4 2 3 3 4 3 0 4 5 3 2 3 5 1 2 5 3 4 4 5 2 4 2
some discordance -  + 1 1 3 1 2 2 0 2 0 2 1 2 1 6 1 1 3 5 0 2 3 1 3
* X /Y  transkxzation X q te r-p 22 .3 ;Y q1 .1 -q te r;  ^ X /15 translocation X q l 1-qter: 15pl 1-qter; contains only Ip ; X /7  translocation 





Fig. 2. Signal distribution over 7q33-35 on 32 copies of chromo­
some 7 following hybridization to the Kell cDNA probe
Kell sequence is not amplified from this DNA by the PCR 
(Fig. 1). This indicates that the location of the Kell gene 
is 7q22-qter. To localize the region further, in situ hy­
bridization was carried out. Twenty-four normal human 
male metaphases were scored following hybridization, 
and the positions of 118 signals recorded. Of these, a 
highly significant (P < 0.005) 37 signals were located 
on chromosome 7 with 22 comprising a signal peak on 
7q33-35. A second hybridization was performed and the 
signal distribution at 7q33-35 noted on 32 chromosomes 
7 which were sufficiently long to permit assignment of 
signals to a single band (Fig. 2).
The Kell blood group locus was provisionally mapped 
to the region 7q32-36 through linkage to the PIP locus 
(Zelinski et al. 1991 a,b) and this has recently been con­
firmed by the demonstration of linkage to the cystic fibro­
sis locus (Purohit et al, 1992). The results presented here 
refine the position of the Kell locus to 7q34, placing it dis­
tal to the cystic fibrosis locus (7q31-32), and proximal to 
the T cell receptor beta cluster located in 7q35 (Barker et 
al. 1984).
The Kell blood group protein is not related to a human 
band 3-like protein whose gene is located at 7q35-36 
(Palumbo er al. 1986). Because of the absence of many 
markers in the region, the localization of KEL to 7q33-35, 
probably 7q34, using a cDNA probe should prove useful 
for further genetic analysis in this region.
This assignment using the cDNA probe, which defines 
the gene encoding the Kell polypeptide, is to the same re­
gion of chromosome 7 as indicated by the genetic analy­
sis of the antigenic variation associated with the Kell 
blood group system. This co-localisation of the antigenic 
determinant and the polypeptide loci gives strong genetic 
support to the suggestion that the Kell antigenic determi­
nants are part of the polypeptide chain as opposed to the 
associated sugar molecules. This finding has important 
implications for the further analysis of the genetic basis of 
antigenic variation in the Kell blood group system.
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SECTION 10 
Appendix
A p p e n d ix  D irect autom ated sequencing o f KEL  PCR products
The data shown in  th is  appendix are those obta ined fro m  the d ire c t autom ated 
sequencing o f KEL PCR products. Contiguous sequences fo r  the cod ing  reg io n  o f 
both positive and negative strands o f fo u r  in d iv id u a ls  are shown. The cod ing 
region o f the KEL cDNA starts at nucleotide 124 and finishes at nucleotide 2322. 
The pub lished KEL cDNA sequence (KEL.SEQ) as reported  by  Lee e t a l, 1991 has 
been inc luded  fo r  reference. A ll negative strand data are given as the reverse 
com plement sequence. The fo u r  donors were as fo llows:-
PM KK donor
AT KK donor






















































B TC POS 
3 TC NEG
10 IL 30 40 IL IL 70
CGGGAAGTGC CCCTTCTCCA GGATCAAGGA ACTGGGGCGG GGGGTGTTTC CTGOACCCCA GTCCTCCGAA
80 90 100 l ï 120 130 140TCAGCrCCTA GRGTGGAACC AGGAAGGATT CTGOAGCCAC AGAAGATAGA CAGATGGAAG GTGGGGACCA
TAGA CAGATGGAAG GTGGGGACCA 
AGATGGAAG GTGGGGACCA 
TAGA CAGATGGAAG GTGGGGACCA 
GATAGA CAGATGGAAG GTGGGGACCA 
AGATGGAAG GTGGGGACCA 
AC AGAAGATAGA CAGATGGAAG GTGGGGACCA 
AGA CAGATGGAAG GTGGGGACCA 
GGATT CTGGAGCCAC AGAAGATAGA CAGATGGAAG GTGGGGACCA
150 160 170 180 190 200 210
AAGTGAGGAA GAGCCGAGGG AACGCAGCCA GGCAGGTGGA ATGGGAACTC TCTGGAGCCA AGAGAGCACT
AAGTGAGGAA GAGCCGAGGG AACGCAGCCA GGCAGGTGGA ATGGGAACTC TCTGGAGCCA AGAGAGCACT
AAGTGAGGAA GAGCCGAGGG AACGCAGCCA GGCAGGTGGA ATGGGAACTC TCTGGAGCCA AGAGAGCACT
AAGTGAGGAA GAGCCGAGGG AACGCAGCCA GGCAGGTGGA ATGGGAACTC TCTGGAGCCA AGAGAGCACT
AAGTGAGGAA GAGCCGAGGG AACGCAGCCA GGCAGGTGGA ATGGGAACTC TCTGGAGCCA AGAGAGCACT
AAGTGAGGAA GAGCCGAGGG AACGCAGCCA GGCAGGTGGA ATGGGAACTC TCTGGAGCCA AGAGAGCACT
AAGTGAGGAA GAGCCGAGGG AACGCAGCCA GGCAGGTGGA ATGGGAACTC TCTGGAGCCA AGAGAGCACT
AAGTGAGGAA GAGCCGAGGG AACGCAGCCA GGCAGGTGGA ATGGGAACTC TCTGGAGCCA AGAGAGCACT
AAGTGTGGAA GAGCCGAGGG AACGCAGCCA GGCAGGTGGA ATGGGAACTC TCTGGAGCCA AGAGAGCACT
220 230 240 250 260 5L 260CCAGAAGAGA GGCTGCCCGT GGAAGGGAGC AGGCCATGGG CAGTGGCCAG GCGGGTGCTG ACAGCTATCC
CCAGAAGAGA GGCTGCCCGT GGAAGGGAGC AGGCCATGGG CAGTGGCCAG GCGGGTGCTG ACAGCTATCC
CCAGAAGAGA GGCTGCCCGT GGAAGGGAGC AGGCCATGGG CAGTGGCCAG GCGGGTGCTG ACAGCTATCC
CCAGAAGAGA GGCTGCCCGT GGAAGGGAGC AGGCCATGGG CAGTGGCCAG GCGGGTGCTG ACAGCTATCC
CCAGAAGAGA GGCTGCCCGT GGAAGGGAGC AGGCCATGGG CAGTGGCCAG GCGGGTGCTG ACAGCTATCC
CCAGAAGAGA GGCTGCCCGT GGAAGGGAGC AGGCCATGGG CAGTGGCCAG GCGGGTGCTG ACAGCTATCC
CCAGAAGAGA GGCTGCCCGT GGAAGGGAGC AGGCCATGGG CAGTGGCCAG GCGGGTGCTG ACAGCTATCC
CCAGAAGAGA GGCTGCCCGT GGAAGGGAGC AGGCCATGGG CAGTGGCCAG GCGGGTGCTG ACAGCTATCC
CCAGAAGAGA GGCTGCCCGT GGAAGGGAGC AGGCCATGGG CAGTGGCCAG GCGGGTGCTG ACAGCTATCC
290 'IL 310 320 330 340 350
TGATTTTGGG CCTGCTCCTT TGTTTTTCTG TGCTTTTGTT CTACAACTTC CAGAACTGTG GCCCTCGCCC
TGATTTTGGG CCTGCTCCTT TGTTTTTCTG TGCTTTTGTT CTACAACTTC CAGAACTGTG GCCCTCGCCC
TGATTTTGGG CCTGCTCCTT TGTTTTTCTG TGCTTTTGTT CTACAACTTC CAGAACTGTG GCCCTCGCCC
TGATTTTGGG CCTGCTCCTT TGTTTTTCTG TGCTTTTGTT CTACAACTTC CAGAACTGTG GCCCTCGCCC
TGATTTTGGG CCTGCTCCTT TGTTTTTCTG TGCTTTTGTT CTACAACTTC CAGAACTGTG GCCCTCGCCC
TGATTTTGGG CCTGCTCCTT TGTTTTTCTG TGCTTTTGTT CTACAACTTC CAGAACTGTG GCCCTCGCCC
TGATTTTGGG CCTGCTCCTT TGTTTTTCTG TGCTTTTGTT CTACAACTTC CAGAACTGTG GCCCTCGCCC
TGATTTTGGG CCTGCTCCTT TGTTTTTCTG TGCTTTTGTT CTACAACTTC CAGAACTGTG GCCCTCGCCC
TGATTTTGGG CCTGCTCCTT TGTTTTTCTG TGCTTTTGTT CTACAACTTC CAGAACTGTG GCCCTCGCCC
360 I L 380 390 400 IL TCTGTGAGACA TCTGTGTGTT TGGATCTCCG GGATCATTAC CTGGCCTCTG GGAACACAAG TGTGGCCCCC
CTGTGAGACA TCTGTGTGTT TGGATCTCCG GGATCATTAC CTGGCCTCTG GGAACACAAG TGTGGCCCCC
CTGTGAGACA TCTGTGTGTT TGGATCTCCG GGATCATTAC CTGGCCTCTG GGAACACAAG TGTGGCCCCC
CTGTGAGACA TCTGTGTGTT TGGATCTCCG GGATCATTAC CTGGCCTCTG GGAACACAAG TGTGGCCCCC
CTGTGAGACA TCTGTGTGTT TGGATCTCCG GGATCATTAC CTGGCCTCTG GGAACACAAG TGTGGCCCCC
CTGTGAGACA TCTGTGTGTT TGGATCTCCG GGATCATTAC CTGGCCTCTG GGAACACAAG TGTGGCCCCC
CTGTGAGACA TCTGTGTGTT TGGATCTCCG GGATCATTAC CTGGCCTCTG GGAACACAAG TGTGGCCCCC
CTGTGAGACA TCTGTGTGTT TGGATCTCCG GGATCATTAC CTGGCCTCTG GGAACACAAG TGTGGCCCCC










3 TC POS 
9 TC NEG
430 440 l ï 460 I L 480 490TGCACCGACT TCTTCAGCTT TGCCTGTGGA AGGGCCAAAG AGACCAATAA TTCTTTTCAG GAGCTTGCCA
TGCACCGACT TCTTCAGCTT TGCCTGTGGA AGGGCCAAAG AGACCAATAA TTCTTTTCAG GAGCTTGCCA
TGCACCGACT TCTTCAGCTT TGCCTGTGGA AGGGCCAAAG AGACCAATAA TTCTTTTCAG GAGCTTGCCA
TGCACCGACT TCTTCAGCTT TGCCTGTGGA AGGGCCAAAG AGACCAATAA TTCTTTTCAG GAGCTTGCCA
TGCACCGACT TCTTCAGCTT TGCCTGTGGA AGGGCCAAAG AGACCAATAA TTCTTTTCAG GAGCTTGCCA
TGCACCGACT TCTTCAGCTT TGCCTGTGGA AGGGCCAAAG AGACCAATAA TTCTTTTCAG GAGCTTGCCA
TGCACCGACT TCTTCAGCTT TGCCTGTGGA AGGGCCAAAG AGACCAATAA TTCTTTTCAG GAGCTTGCCA
TGCACCGACT TCTTCAGCTT TGCCTGTGGA AGGGCCAAAG AGACCAATAA TTCTTTTCAG GAGCTTGCCA
TGCACCGACT TCTTCAGCTT TGCCTGTGGA AGGGCCAAAG AGACCAATAA TTCTTTTCAG GAGCTTGCCA







B TC POS 
9 TC NEG
CAAAGAACAA AAACCGACTT CGGAGAATAC TGGAGGTCCA GAATTCCTGG CACCCAGGCT CTGGGGAGGA
CAAAGAACAA AAACCGACTT CGGAGAATAC TGGAGGTCCA GAATTCCTGG CACCCAGGCT CTGGGGAGGA
CAAAGAACAA AAACCGACTT CGGAGAATAC TGGAGGTCCA GAATTCCTGG CACCCAGGCT CTGGGGAGGA
CAAAGAACAA AAACCGACTT CGGAGAATAC TGGAGGTCCA GAATTCCTGG CACCCAGGCT CTGGGGAGGA
CAAAGAACAA AAACCGACTT CGGAGAATAC TGGAGGTCCA GAATTCCTGG CACCCAGGCT CTGGGGAGGA
CAAAGAACAA AAACCGACTT CGGAGAATAC TGGAGGTCCA GAATTCCTGG CACCCAGGCT CTGGGGAGGA
CAAAGAACAA AAACCGACTT CGGAGAATAC TGGAGGTCCA GAATTCCTGG CACCCAGGCT CTGGGGAGGA
CAAAGAACAA AAACCGACTT CGGAGAATAC TGGAGGTCCA GAATTCCTGG CACCCAGGCT CTGGGGAGGA
CAAAGAACAA AAACCGACTT CGGAGAATAC TGGAGGTCCA GAATTCCTGG CACCCAGGCT CTGGGGAGGA
IL 580 590 600 610 520 630KEL.SEQ 
PM POS 
PM NEG 
i  AT POS 
5 AT NEG 
GT POS 
GT NEG 
B TC POS 
9 TC NEG
GAAAGCCTTC CAGTTCTACA ACTCCTGCAT GGATACACTT GCCATTGAAG CTGCAGGGAC TGGTCCCCTC
GAAAGCCTTC CAGTTCTACA ACTCCTGCAT GGATACACTT GCCATTGAAG CTGCAGGGAC TGGTCCCCTC
GAAAGCCTTC CAGTTCTACA ACTCCTGCAT GGATACACTT GCCATTGAAG CTGCAGGGAC TGGTCCCCTC
GAAAGCCTTC CAGTTCTACA ACTCCTGCAT GGATACACTT GCCATTGAAG CTGCAGGGAC TGGTCCCCTC
GAAAGCCTTC CAGTTCTACA ACTCCTGCAT GGATACACTT GCCATTGAAG CTGCAGGGAC TGGTCCCCTC
GAAAGCCTTC CAGTTCTACA ACTCCTGCAT GGATACACTT GCCATTGAAG CTGCAGGGAC TGGTCCCCTC
GAAAGCCTTC CAGTTCTACA ACTCCTGCAT GGATACACTT GCCATTGAAG CTGCAGGGAC TGGTCCCCTC
GAAAGCCTTC CAGTTCTACA ACTCCTGCAT GGATACACTT GCCATTGAAG CTGCAGGGAC TGGTCCCCTC
GAAAGCCTTC CAGTTCTACA ACTCCTGCAT GGATACACTT GCCATTGAAG CTGCAGGGAC TGGTCCCCTC








B TC POS 
9 TC NEG
AGACAAGTTA TTGAGGAGCT TGGAGGCTGG CGCATCTCTG GTAAATGGAC TTCCTTAAAC TTTAACCGAA
AGACAAGTTA TTGAGGAGCT TGGAGGCTGG CGCATCTCTG GTAAATGGAC TTCCTTAAAC TTTAACCGAA
AGACAAGTTA TTGAGGAGCT TGGAGGCTGG CGCATCTCTG GTAAATGGAC TTCCTTAAAC TTTAACCGAA
AGACAAGTTA TTGAGGAGCT TGGAGGCTGG CGCATCTCTG GTAAATGGAC TTCCTTAAAC TTTAACCGAA
AGACAAGTTA TTGAGGAGCT TGGAGGCTGG CGCATCTCTG GTAAATGGAC TTCCTTAAAC TTTAACCGAA
AGACAAGTTA TTGAGGAGCT TGGAGGCTGG CGCATCTCTG GTAAATGGAC TTCCTTAAAC TTTAACCGAA
AGACAAGTTA TTGAGGAGCT TGGAGGCTGG CGCATCTCTG GTAAATGGAC TTCCTTAAAC TTTAACCGAA
AGACAAGTTA TTGAGGAGCT TGGAGGCTGG CGCATCTCTG GTAAATGGAC TTCCTTAAAC TTTAACCGAA
AGACAAGTTA TTGAGGAGCT TGGAGGCTGG CGCATCTCTG GTAAATGGAC TTCCTTAAAC TTTAACCGAA







8 TC POS 
TC NEG
CGCTGAGACT TCTGATGAGT CAGTATGGCC ATTTCCCTTT CTTCAGAGCC TACCTAGGAC CTCATCCTGC
TGCTGAGACT TCTGATGAGT CAGTATGGCC ATTTCCCTTT CTTCAGAGCC TACCTAGGAC CTCATCCTGC
TGCTGAGACT TCTGATGAGT CAGTATGGCC ATTTCCCTTT CTTCAGAGCC TACCTAGGAC CTCATCCTGC
TGCTGAGACT TCTGATGAGT CAGTATGGCC ATTTCCCTTT CTTCAGAGCC TACCTAGGAC CTCATCCTGC
TGCTGAGACT TCTGATGAGT CAGTATGGCC ATTTCCCTTT CTTCAGAGCC TACCTAGGAC CTCATCCTGC
CGCTGAGACT TCTGATGAGT CAGTATGGCC ATTTCCCTTT CTTCAGAGCC TACCTAGGAC CTCATCCTGC
CGCTGAGACT TCTGATGAGT CAGTATGGCC ATTTCCCTTT CTTCAGAGCC TACCTAGGAC CTCATCCTGC
CGCTGAGACT TCTGATGAGT CAGTATGGCC ATTTCCCTTT CTTCAGAGCC TACCTAGGAC CTCATCCTGC
CGCTGAGACT TCTGATGAGT CAGTATGGCC ATTTCCCTTT CTTCAGAGCC TACCTAGGAC CTCATCCTGC








B TC POS 
9 TC NEG
CTCTCCACAC ACACCAGTCA TCCAGATAGA CCAGCCAGAG TTTGATGTTC CCCTCAAGCA AGATCAAGAA 
CTCTCCACAC ACACCAGTCA TCCAGATAGA CCAGCCAGAG TTTGATGTTC CCCTCAAGCA AGATCAAGAA 
CTCTCCACAC ACACCAGTCA TCCAGATAGA CCAGCCAGAG TTTGATGTTC CCCTCAAGCA AGATCAAGAA 
CTCTCCACAC ACACCAGTCA TCCAGATAGA CCAGCCAGAG TTTGATGTTC CCCTCAAGCA AGATCAAGAA 
CTCTCCACAC ACACCAGTCA TCCAGATAGA CCAGCCAGAG TTTGATGTTC CCCTCAAGCA AGATCAAGAA 
CTCTCCACAC ACACCAGTCA TCCAGATAGA CCAGCCAGAG TTTGATGTTC CCCTCAAGCA AGATCAAGAA 
CTCTCCACAC ACACCAGTCA TCCAGATAGA CCAGCCAGAG TTTGATGTTC CCCTCAAGCA AGATCAAGAA 
CTCTCCACAC ACACCAGTCA TCCAGATAGA CCAGCCAGAG TTTGATGTTC CCCTCAAGCA AGATCAAGAA 





















850 860 870 880 890 900 910
CAGAAGATCT ATGCCCAGAT CTTTCGGGAA TACCTGACTT ACCTGAATCA GCTGGGAACC TTGCTGGGAG
CAGAAGATCT ATGCCCAGAT CTTTCGGGAA TACCTGACTT ACCTGAATCA GCTGGGAACC TTGCTGGGAG
CAGAAGATCT ATGCCCAGAT CTTTCGGGAA TACCTGACTT ACCTGAATCA GCTGGGAACC TTGCTGGGAG
CAGAAGATCT ATGCCCAGAT CTTTCGGGAA TACCTGACTT ACCTGAATCA GCTGGGAACC TTGCTGGGAG
CAGAAGATCT ATGCCCAGAT CTTTCGGGAA TACCTGACTT ACCTGAATCA GCTGGGAACC TTGCTGGGAG
CAGAAGATCT ATGCCCAGAT CTTTCGGGAA TACCTGACTT ACCTGAATCA GCTGGGAACC TTGCTGGAAG
CAGAAGATCT ATGCCCAGAT CTTTCGGGAA TACCTGACTT ACCTGAATCA CCTGGGAACC TTGCTGGGAG
CAGAAGATCT ATGCCCAGAT CTTTCGGGAA TACCTGACTT ACCTGAATCA GCTGGGAACC TTGCTGGGAG
CAGAAGATCT ATGCCCAGAT CTTTCGGGAA TACCTGACTT ACCTGAATCA GCTGGGAACC TTGCTGGGAG
920 930 940 950 960 970 980
GAGACCCAAG CAAGGTGCAA GAACACTCTT CCTTGTCAAT CTCCATCACT TCACGGCTGT TCCAGTTTCT
GAGACCCAAG CAAGGTGCAA GAACACTCTT CCTTGTCAAT CTCCATCACT TCACGGCTGT TCCAGTTTCT
GAGACCCAAG CAAGGTGCAA GAACACTCTT CCTTGTCAAT CTCCATCACT TCACGGCTGT TCCAGTTTCT
GAGACCCAAG CAAGGTGCAA GAACACTCTT CCTTGTCAAT CTCCATCACT TCACGGCTGT TCCAGTTTCT
GAGACCCAAG CAAGGTGCAA GAACACTCTT CCTTGTCAAT CTCCATCACT TCACGGCTGT TCCAGTTTCT
GAGACCCAAG CAAGGTGCAA GAACACTCTT CCTTGTCAAT CTCCATCACT TCACGGCTGT TCCAGTTTCT
GAGACCCAAG CAAGGTGCAA GAACACTCTT CCTTGTCAAT CTCCATCACT TCACGGCTGT TCCAGTTTCT
GAGACCCAAG CAAGGTGCAA GAACACTCTT CCTTGTCAAT CTCCATCACT TCACGGCTGT TCCAGTTTCT










9 |0 lOjOO 10^10 1020 1030 1040 1050
GAGGCCCCTG GAGCAGCGGC GGGCACAGGG CAAGCTCTTC CAGATGGTCA CTATCGACCA GCTCAAGGAA
GAGGCCCCTG GAGCAGCGGC GGGCACAGGG CAAGCTCTTC CAGATGGTCA CTATCGACCA GCTCAAGGAA
GAGGCCCCTG GAGCAGCGGC GGGCACAGGG CAAGCTCTTC CAGATGGTCA CTATCGACCA GCTCAAGGAA
GAGGCCCCTG GAGCAGCGGA GGGCACAGGG CAAGCTCTTC CAGATGGTCA CTATCGACCA GCTCAAGGAA
GAGGCCCCTG GAGCAGCGGC GGGCACAGGG CAAGCTCTTC CAGATGGTCA CTATCGACCA GCTCAAGGAA
GAGGCCCCTG GAGCAGCGGA GGGCACAGGG CAAGCTCTTC CAGATGGTCA CTATCGACCA GCTCAAGGAA
GAGGCCCCTG GAGCAGCGGC GGGCACAGGG CAAGCTCTTC CAGATGGTCA CTATCGACCA GCTCAAGGAA
GAGGCCCCTG GAGCAGCGGC GGGCACAGGG CAAGCTCTTC CAGATGGTCA CTATCGACCA GCTCAAGGAA











1070 ICgO 10.90 1100 11.10 1120
ATGGCCCCCG CCATCGACTG GTTGTCCTGC TTGCAAGCGA CATTCACACC GATGTCCCTG AGCCCTTCTC
ATGGCCCCCG CCATCGACTG GTTGTCCTGC TTGCAAGCGA CATTCACACC GATGTCCCTG AGCCCTTCTC
ATGGCCCCCG CCATCGACTG GTTGTCCTGC TTGCAAGCGA CATTCACACC GATGTCCCTG AGCCCTTCTC
ATGGCCCCCG CCATCGACTG GTTGTCCTGC TTGCAAGCGA CATTCACACC GATGTCCCTG AGCCCTTCTC
ATGGCCCCCG CCATCGACTG GTTGTCCTGC TTGCAAGCGA CATTCACACC GATGTCCCTG AGCCCTTCTC
ATGGCCCCCG CCATCGACTG GTTGTCCTGC TTGCAAGCGA CATTCACACC GATGTCCCTG AGCCCTTCTC
ATGGCCCCCG CCATCGACTG GTTGTCCTGC TTGCAAGCGA CATTCACACC GATGTCCCTG AGCCCTTCTC
ATGGCCCCCG CCATCGACTG GTTGTCCTGC TTGCAAGCGA CATTCACACC GATGTCCCTG AGCCCTTCTC
ATGGCCCCCG CCATCGACTG GTTGTCCTGC TTGCAAGCGA CATTCACACC GATGTCCCTG AGCCCTTCTC








P TC POS 
Ô TC NEG
AGTCCCTCGT GGTCCATGAC GTGGAATATT TGAAAAACAT GTCACAACTG QTGGAGGAGA TGCTGCTAAA
AGTCCCTCGT GGTCCATGAC GTGGAATATT TGAAAAACAT GTCACAACTG GTGGAGGAGA TGCTGCTAAA
AGTCCCTCGT GGTCCATGAC GTGGAATATT TGAAAAACAT GTCACAACTG GTGGAGGAGA TGCTGCTAAA
AGTCCCTCGT GGTCCATGAC GTGGAATATT TGAAAAACAT GTCACAACTG GTGGAGGAGA TGCTGCTAAA
AGTCCCTCGT GGTCCATGAC GTGGAATATT TGAAAAACAT GTCACAACTG GTGGAGGAGA TGCTGCTAAA
AGTCCCTCGT GGTCCATGAC GTGGAATATT TGAAAAACAT GTCACAACTG GTGGAGGAGA TGCTGTTAAA
AGTCCCTCGT GGTCCATGAC GTGGAATATT TGAAAAACAT GTCACAACTG GTGGAGGAGA TGCTGCTAAA
AGTCCCTCGT GGTCCATGAC GTGGAATATT TGAAAAACAT GTCACAACTG GTGGAGGAGA TGCTGCTAAA
AGTCCCTCGT GGTCCATGAC GTGGAATATT TGAAAAACAT GTCACAACTG GTGGAGGAGA TGCTGCTAAA










GCAGAGGGAC TTTCTGCAGA GCCACATGAT CTTAGGGCTG GTGGTGACCC TTTCTCCAGC CCTGGACAGT
GCAGAGGGAC TTTCTGCAGA GCCACATGAT CTTAGGGCTG GTGGTGACCC TTTCTCCAGC CCTGGACAGT
GCAGAGGGAC TTTCTGCAGA GCCACATGAT CTTAGGACTG GTGGTGACCC TTTCTCCAGC CCTGGACAGT
GCAGAGGGAC TTTCTGCAGA GCCACATGAT CTTAGGGCTG GTGGTGACCC TTTCTCCAGC CCTGGACAGT
GCAGAGGGAC TTTCTGCAGA TCCACATGAT CTTAGGGCTG GTGGTGACCC TTTCTCCAGC CCTGGACAGT
GCAGAGGGAC TTTCTGCAGA GCCACATGAT CTTAGGGCTG GTGGTGACCC TTTCTCCAGC CCTGGACAGT
GCAGAGGGAC TTTCTGCAGA GCCACATGAT CTTAGGGCTG GTGGTGACCC TTTCTCCAGC CCTGGACAGT
GCAGAGGGAC TTTCTGCAGA GCCACATGAT CTTAGGGCTG GTGGTGACCC TTTCTCCAGC CCTGGACAGT






A T NEG 
GT POS 
GT NEG 
P TC POS 
TC NEG
1270 1280 1290 1300 1310 13.20 1330
CAATTCCAGG AGGCACGCAG AAAGCTCAGC CAGAAACTGC GGGAACTGAC AGAGCAACCA CCCATGCCTG
CAATTCCAGG AGGCACGCAG AAAGCTCAGC CAGAAACTGC GGGAACTGAC AGAGCAACCA CCCATGCCTG
CAATTCCAGG AGGCACGCAG AAAGCTCAGC CAGAAACTGC GGGAACTGAC AGAGCAACCA CCCATGCCTG
CAATTCCAGG AGGCACGCAG AAAGCTCAGC CAGAAACTGC GGGAACTGAC AGAGCAACCA CCCATGCCTG
CAATTCCAGG AGGCACGCAG AAAGCTCAGC CAGAAACTGC GGGAACTGAC AGAGCAACCA CCCATGCCTG
CAATTCCAGG AGGCACGCAG AAAGCTCAGC CAGAAACTGC GGGAACTGAC AGAGCAACCA CCCATGCCTG
CAATTCCAGG AGGCACGCAG AAAGCTCAGC CAGAAACTGC GGGAACTGAC AGAGCAACCA CCCATGCCTG
CAATTCCAGG AGGCACGCAG AAAGCTCAGC CAGAAACTGC GGGAACTGAC AGAGCAACCA CCCATGCCTG
CAATTCCAGG AGGCACGCAG AAAGCTCAGC CAGAAACTGC GGGAGCTGAC AGAGCAACCA CCCATGCCTG
13jtO 1350 13.60 1370 1380 1390 1400







B TC POS 
TC NEG
CCCGCCCACG ATGGATGAAG TGCGTGGAGG AGACAGGCAC GTTCTTCGAG CCCACGCTGG CGGCTTTGTT
CCCQCCCACG ATGGATGAAG TGCGTGGAGG AGACAGGCAC GTTCTTCGAG CCCACGCTGG CGGCTTTGTT
CCCGCCCACG ATGGATGAAG TGCGTGGAGG AGACAGGCAC GTTCTTCGAG CCCACGCTGG CGGCTTTGTT
CCCGCCCACG ATGGATGAAG TGCGTGGAGG AGACAGGCAC GTTCTTCGAG CCCACGCTGG CGGCTTTGTT
CCCGCCCACG ATGGATGAAG TGCGTGGAGG AGACAGGCAC GTTCTTCGAG CCCACGCTGG CGGCTTTGTT
CCCGCCCACG ATGGATGATG TGCGTGGAGG AGACAGGCAC GTTCTTCGAG CCCACGCTGG CGGCTTTGTT
CCCGCCCACG ATGGATGAAG TG(%TGGAGG AGACAGGCAC GTTCTTCGAG CCCACGCTGG CGGCTTTGTT
CCCGCCCACG ATGGATGAAG TGCGTGGAGG AGACAGGCAC GTTCTTCGAG CCCACGCTGG CGGCTTTGTT
CCCX3CCCACG ATGGATGAAG TGCGTGGAGG AGACAGGCAC GTTCTTCGAG CCCACGCTGG CGGCTTTGTT








3 TC POS 
9 TC NEG
TGTTCGTGAG GCCTTTGGCC CGAGCACCCG AAGTGCTGCC ATGAAATTAT TCACTGCGAT CCGGGATGCC
TGTTCGTGAG GCCTTTGGCC CGAGCACCCG AAGTGCTGCC ATGAAATTAT TCACTGCGAT CCGGGATGCC
TGTTCGTGAG GCCTTTGGCC CGAGCACCCG AAGTGCTGCC ATGAAATTAT TCACTGCGAG CCGGGATGCC
TGTTCGTGAG GCCTTTGGCC CGAGCACCCG AAGTGCTGCC ATGAAATTAT TCACTGCGAT CCGGGATGCC
TGTTCGTGAG GCCTTTGGCC CGAGCACCCG AAGTGCTGCC ATGAAATTAT TCACTGCGAT CCGGGATGCC
TGTTCGTGAG GCCTTTGGCC CGAGCACCCG AAGTGCTGCC ATGAAATTAT TCACTGCGAT CCGGGATGCC
TGTTCGTGAG GCCTTTGGCC CGAGCACCCG AAGTGCTGCC ATGAAATTAT TCACTGCGAT CCGGGATGCC
TGTTCGTGAG GCCTTTGGCC CGAGCACCCG AAGTGCTGCC ATGAAATTAT TCACTGCGAT CCGGGATGCC
TGTTCGTGAG GCCTTTGGCC CGAGCACCCG AAGTGCTGCC ATGAAATTAT TCACTGCGAT CCGGGATGCC




A T POS 
A T NEG 
GT POS 
GT NEG 
3 TC POS 
9 TC NEG
CTCATCACTC GCCTCAGAAA CCTTCCCTGG ATGAATGAGG AGACCCAGAA CATGGCCCAG GACAAGGTTG
CTCATCACTC GCCTCAGAAA CCTTCCCTGG ATGAATGAGG AGACCCAGAA CATGGCCCAG GACAAGGTTG
CTCATCACTC GCCTCAGAAA CCTTCCCTGG ATGAATGAGG AGACCCAGAA CATGGCCCAG GACAAGGTTG
CTCATCACTC GCCTCAGAAA CCTTCCCTGG ATGAATGAGG AGACCCAGAA CATGGCCCAG GACAAGGTTG
CTCATCACTC GCCTCAGAAA CCTTCCCTGG ATGAATGAGG AGACCCAGAA CATGGCCCAG GACAAGGTTG
CTCATCACTC GCCTCAGAAA CCTTCCCTGG ATGAATGAGG AGACCCAGAA CATGGCCCAG GACAAGGTTG
CTCATCACTC GCCTCAGAAA CCTTCCCTGG ATGAATGAGG AGACCCAGAA CATGGCCCAG GACAAGGTTG
CTCATCACTC GCCTCAGAAA CCTTCCCTGG ATGAATGAGG AGACCCAGAA CATGGCCCAG GACAAGGTTG
CTCATCACTC GCCTCAGAAA CCTTCCCTGG ATGAATGAGG AGACCCAGAA CATGGCCCAG GACAAGGTTG










CTCAACTGCA GGTGGAGATG GGGGCTTCAG AATGGGCCCT GAAGCCAGAG CTGGCCCGAC AAGAATACAA
CTCAACTGCA GGTGGAGATG GGGGCTTCAG AATGGGCCCT GAAGCCAGAG CTGGCCCGAC AAGAATACAA
CTCAACTGCA GGTGGAGATG GGGGCTTCAG AATGGGCCCT GAAGCCAGAG CTGGCCCGAC AAGAATACAA
CTCAACTGCA GGTGGAGATG GGGGCTTCAG AATGGGCCCT GAAGCCAGAG CTGGCCCGAC AAGAATACAA
CTCAACTCCA GGTGGAGATG GGGGCTTCAG AATGGACCCT GAAGCCAGAG CTGGCCCGAC AAGAATACAA
CTCAACTGCA GGTGGAGATG GGGGCTTCAG AATGGGCCCT GAAGCCAGAG CTGGCCCGAC AAGAATACAA
CTCAACTGCA GGTGGAGATG GGGGCTTCAG AATGGGCCCT GAAGCCAGAG CTGGCCCGAC AAGAATACAA
CTCAACTGCA GGTGGAGATG GGGGCTTCAG AATGGGCCCT GAAGCCAGAG CTGGCCCGAC AAGAATACAA
CTCAACTGCA GGTGGAGATG GGGGCTTCAG AATGGGCCCT GAAGCCAGAG CTGGCCCGAC AAGAATACAA




A T POS 
A T NEG 
GT POS 
GT NEG 









































































B TC POS 
9 TC NEG
1690 1700 1710 1720 1730 1740 1750
GTCCAGAGCT TCTTGCAGCC TCACCCCCAA CACAGGTGGA AGGTGTCCCC TTGGGACGTC AATGCTTACT
GTCCAGAGCT TCTTGCAGCC TCACCCCCAA CACAGGTGGA AGGTGTCCCC TTGGGACGTC AATGCTTACT
GTCCAGAGCT TCTTGCAGCC TCACCCCCAA CACAGGTGGA AGGTGTCCCC TTGGGACGTC AATGCTTACT
GTCCAGAGCT TCTTGCAGCC TCACCCCCAA CACAGGTGGA AGGTGTCCCC TTGGGACGTC AATGCTTACT
GTCCAGAGCT TCTTGCAGCC TCACCCCCAA CACAGGTGGA AGGTGTCCCC TTGGGACGTC AATGCTTACT
GTCCAGAGCT TCTTGCAGCC TCACCCCCAA CACAGGTGGA AGGTGTCCCC TTGGGACGTC AATGCTTACT
GTCCAGAGCT TCTTGCAGCC TCACCCCCAA CACAGGTGGA AGCTCTCCCC TTGGGACGTC AATGCTTACT
GTCCAGAGCT TCTTGCAGCC TCACCCCCAA CACAGGTGGA AGGTGTCCCC TTGGGACGTC AATGCTTACT
GTCCAGAGCT TCTTGCAGCC TCACCCCCAA CACAGGTGGA AGGTGTCCCC TTGGGACGTC AATGCTTACT








B TC POS 
9 TC NEG
ATTCGGTATC TGACCATGTG GTAGTCTTTC CAGCTGGACT CCTCCAACCC CCATTCTTCC ACCCTGGCTA
ATTCGGTATC TGACCATGTG GTAGTCTTTC CAGCTGGACT CCTCCAACCC CCATTCTTCC ACCCTGGCTA
ATTCGGTATC TGACCATGTG GTAGTCTTTC CAGCTGGACT CCTCCAACCC CCATTCTTCC ACCCTGGCTA
ATTCGGTATC TGACCATGTG GTAGTCTTTC CAGCTGGACT CCTCCAACCC CCATTCTTCC ACCCTGGTTA
ATTCGGTATC TGACCATGTG GTAGTCTTTC CAGCTGGACT CCTCCAACCC CCATTCTTCC ACCCTGGCTA
ATTCGGTATC TGACCATGTG GTAGTCTTTC CAGCTGGACT CCTCCAACCC CCATTCTTCC ACCCTGGTTA
ATTCGGTATC TGACCATGTG GTAGTCTTTC CAGCTGGACT CCTCCAACCC CCATTCTTCC ACCCTGGCTA
ATTCGGTATC TGACCATGTG GTAGTCTTTC CAGCTGGACT CCTCCAAC(% CCATTCTTCC ACCCTGGCTA
ATTCGGTATC TGACCATGTG GTAGTCTTTC CAGCTGGACT CCTCCAACCC CCATTCTTCC ACCCTGGCTA

















































































B TC POS 
S TC NEG
CTCTTACTGC CTGGGGGCTG CCTCGCCTGT GACAACCATG CCCTCCAGGA AGCTCACCTG TGCCTGAAGC
CTCTTACTGC CTGGGGGCTG CCTCGCCTGT GACAACCATG CCCTCCAGGA AGCTCACCTG TGCCTGAAGC
CTCTTACTGC CTGGGGGCTG CCTCGCCTGT GACAACCATG CCCTCCAGGA AGCTCACCTG TGCCTGAAGC
CTCTTACTGC CTGGGGGCTG CCTCGCCTGT GACAACCATG CCCTCCAGGA AGCTCACCTG TGCCTGAAGC
CTCTTACTGC CTGGGGGCTG CCTCGCCTGT GACAACCATG CCCTCCAGGA AGCTCACCTG TGCCTGAAGC
CTCTTACTGC CTGGGGGCTG CCTCGCCTGT GACAACCATG CCCTCCAGGA AGCTCACCTG TGCCTGAAGC
CTCTTACTGC CTGGGGGCTG CCTCGCCTGT GACAACCATG CCCTCCAGGA AGCTCACCTG TGCCTGAAGC
CTCTTACTGC CTGGGGGCTG CCTCGCCTGT GACAACCATG CCCTCCAGGA AGCTCACCTG TGCCTGAAGC
CTCTTACTGC CTGGGGGCTG CCTCGCCTGT GACAACCATG CCCTCCAGGA AGCTCACCTG TGCCTGAAGC








B TC POS 
9 TC NEG
GCCATTATGC TGCCTTTCCA TTACCTAGCA GAACCTCCTT CAATGACTCC CTCACATTCT TAGAGAATGC
GCCATTATGC TGCCTTTCCA TTACCTAGCA GAACCTCCTA CAATGACTCC CTCACATTCT TAGAGAATGC
GCCATTATGC TGCCTTCCCA TTACCTAGCA GAACCTCCTT CAATGACTCC CTCACATTCT TAGAGAATGC
GCCATTATGC TGCCTTTCCA TTACCTAGCA GAACCTCCTT CAATGACTCC CTCACATTCT TAGAGAATGC
GCCATTATGC TGCCTTTCCA TTACCTAGCA GAACCTCCTT CAATGACTCC CTCACATTCT TAGAGAATGC
GCCATTATGC TGCCTTTCCA TTACCTAGCA GAACCTCCTT CAATGACTCC CTCACATTCT TAGAGAATGC
GCCATTATGC TGCCTTTCCA TTACCTAGCA GAACCTCCTT CAATGACTCC CTCACATTCT TAGAGAATGC
GCCATTATGC TGCCTTTCCA TTACCTAGCA GAACCTCCTT CAATGACTCC CTCACATTCT TAGAGAATGC
GCCATTATGC TGCCTTTCCA TTACCTAGCA GAACCTCCTT CAATGACTCC CTCACATTCT TAGAGAATGC








B TC POS 
9 TC NEG
TGCAGACGTT GGGGGGCTAG CCATCGCGCT GCAGGCATAC AGCAAGAGGC TGTTACGGCA CCATGGGGAG
TGCAGACGTT GGGGGGCTAG CCATCGCGCT GCAGGCATAC AGCAAGAGGC TGTTACGGCA CCATGGGGAG
TGCAGACGTT GGGGGGCTAG CCATCGCGCT GCAGGCATAC AGCAAGAGGC TGTTACGGCA CCATGGGGAG
TGCAGACGTT GGGGGGCTAG CCATCGCGCT GCAGGCATAC AGCAAGAGGC TGTTACGGCA CCATGGGGAG
TGCAGACGTT GGGGGGCTAG CCATCGCGCT GCAGGCATAC AGCAAGAGGC TGTTACGGCA CCATGGGGAG
TGCAGACGTT GGGGGGCTAG CCATCGCGCT GCAGGCATAC AGCAAGAGGC TGTTACGGCA CCATGGGGAG
TGCAGACGTT GGGGGGCTAG CCATCGCGCT GCAGGCATAC AGCAAGAGGC TGTTACGGCA CCATGGGGAG
TGCAGACGTT GGGGGGCTAG CCATCGCGCT GCAGGCATAC AGCAAGAGGC TGTTACGGCA CCATGGGGAG











2110 2120 2130 2140 2150 2160 2170
ACTGTCCTGC CCAGCCTGGA CCTCAGCCCC CAGCAGATCT TCTTTCGAAG CTATGCCCAG GTGATGTGTA
ACTGTCCTGC CCAGCCTGGA CCTCAGCCCC CAGCAGATCT TCTTTCGAAG CTATGCCCAG GTGATGTGTA
ACTGTCCTGC CCAGCCTGGA CCTCAGCCCC CAGCAGATCT TCTTTCGAAG CTATGCCCAG GTGATGTGTA
ATTGTCCTGC CCAGCCTGGA CCTCAGCCCC CAGCAGATCT TCTTTCGAAG CTATGCCCAG GTGATGTGTA
ACTGTCCTGC CCAGCCTGGA CCTCAGCCCC CAGCAGATCT TCTTTCGAAG CTATGCCCAG GTGATGTGTA
ACTGTCCTGC CCAGCCTGGA CCTCAGCCCC CAGCAGATCT TCTTTCGAAG CTATGCCCAG GTGATGTGTA
ACTGTCCTGC CCAGCCTGGA CCTCAGCCCC CAGCAGATCT TCTTTCGAAG CTATGCCCAG GTGATGTGTA
ACTGTCCTGC CCAGCCTGGA CCTCAGCCCC CAGCAGATCT TCTTTCGAAG CTATGCCCAG GTGATGTGTA
ACTGTCCTGC CCAGCCTGGA CCTCAGCCCC CAGCAGATCT TCTTTCGAAG CTATGCCCAG GTGATGTGTA








B TC POS 
9 TC NEG
GGAAGCCCAG CCCCCAGGAC TCTCACGACA CTCACAGCCC TCCACACCTC CGAGTCCACG GGCCCCTCAG
GGAAGCCCAG CCCCCAGGAC TCTCACGACA CTCACAGCCC TCCACACCTC CGAGTCCACG GGCCCCTCAG
GGAAGCCCAG CCCCCAGGAC TCTCACGACA CTCACAGCCC TCCACACCTC CGAGTCCACG GGCCCCTCAG
GGAAGCCCAG CCCCCAGGAC TCTCACGACA CTCACAGCCC TCCACACCTC CGAGTCCACG GGCCCCTCAG
GGAAGCCCAG CCCCCAGGAC TCTCACGACA CTCACAGCCC TCCACACCTC CGAGTCCACG GGCCCCTCAG
GGAAGCCCAG CCCCCAGGAC TCTCACGACA CTCACAGCCC TCCACACCTC CGAGTCCACG GGCCCCTCAG
GGAAGCCCAG CCCCCAGGAC TCTCACGACA CTCACAGCCC TCCACACCTC CGAGTCCACG GGCCCCTCAG
GGAAGCCCAG CCCCCAGGAC TCTCACGACA CTCACAGCCC TCCACACCTC CGAGTCCACG GGCCCCTCAG
GGAAGCCCAG CCCCCAGGAC TCTCACGACA CTCACAGCCC TCCACACCTC CGAGTCCACG GGCCCCTCAG








B TC POS 
9 TC NEG
CAGCACCCCA GCCTTTGCCA GGTATTTCCG CTGTGCACGT GGTGCTCTCT TGAACCCCTC CAGCCGCTGC
CAGCACCCCA GCCTTTGCCA GGTATTTCCG CTGTGCACGT GGTGCTCTCT TGAACCCCTC CAGCCGCTGC
CAGCACCCCA GCCTTTGCCA GGTATTTCCG CTGTGCACGT GGTGCTCTCT TGAACCCCTC CAGCCGCTGC
CAGCACCCCA GCCTTTGCCA GGTATTTCCG CTGTGCACGT GGTGCTCTCT TGAACCCCTC CAGCCGCTGC
CAGCACCCCA GCCTTTGCCA GGTATTTCCG CTGTGCACGT GGTGCTCTCT TGAACCCCTC CAGCCGCTGC
CAGCACCCCA GCCTTTGCCA GGTATTTCCG CTGTGCACGT GGTGCTCTCT TGAACCCCTC CAGCCGCTGC
CAGCACCCCA GCCTTTGCCA GGTATTTCCG CTGTGCACGT GGTGCTCTCT TGAACCCCTC CAGCCGCTGC
CAGCACCCCA GTCTTTGCCA GGTATTTCCG CTGTGCACGT GGTGCTCTCT TGAACCCCTC CAGCCGCTGT
CAGCACCCCA GCCTTTGCCA GGTATTTCCG CTGTGCACGT GGTGCTCTCT TGAACCCCTC CAGCCGCTGC


























B TC POS 
9 TC NEG
CAGCTCTGGT AACTTGGTTA CCAAAGATGC CACAGCACAG AAATATCGAC CAACACCTCC CTGGTCACAT 
CAGCTCTGGT AACTTGGTTA CCAAAGATGC CACAGCACAG AAAT 
CAGCTCTGGT AA
CAGCTCTGGT AACTTGGTTA CCAAAGATGC CACAGCACAG AAAT 
CAGCTCTGGT AA
CAGCTCTGGT AACTTGGTTA CCAAAGATGC CACAGCACAG AAAT 
CAGCTCTGGT AACTT
CAGCTCTGGT AACTTGGTTA CCAAAGATGC CACAGCACAG A 
CAGCTCTGGT AA
2390 2^0 2410 2420 2430 2440 2450
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